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RÉSUMÉ
La présente thèse porte sur l’utilité de la théorie de la fonctionnelle de la densité dans
le design de polymères pour applications photovoltaïques.
L’étude porte d’abord sur le rôle des calculs théoriques pour la caractérisation des
polymères dans le cadre de collaborations entre la théorie et l’expérience. La stabilité et
les niveaux énergétiques de certaines molécules organiques sont étudiés avant et après
la sulfuration de leurs groupements carbonyles, un procédé destiné à diminuer le band
gap. Les propriétés de dynamique électronique, de séparation des porteurs de charges et
de spectres de vibrations Raman sont également explorées dans un polymère à base de
polycarbazole.
Par la suite, l’utilité des calculs théoriques dans le design de polymères avant leurs
synthèses est considérée. La théorie de la fonctionnelle de la densité est étudiée dans
le cadre du modèle de Scharber afin de prédire l’efficacité des cellules solaires orga-
niques. Une nouvelle méthode de design de polymères à faible band gaps, basée sur
la forme structurale aromatique ou quinoide est également présentée, dont l’efficacité
surpasse l’approche actuelle de donneur-accepteur. Ces études sont mises à profit dans
l’exploration de l’espace moléculaire et plusieurs candidats de polymères aux propriétés
électroniques intéressantes sont présentés.
Mots clés:Photovoltaïque, polymères, matériaux organiques, structure électro-
nique, calculs ab initio, théorie de la fonctionnelle de la densité.

ABSTRACT
This thesis focuses on the role of density functional theory in the design of polymers
for photovoltaic applications.
Theoretical calculations are first studied in the characterization of polymers in the
context of collaborations between theory and experiment. The stability and the energy
levels of some organic molecules are studied before and after a sulfurization of their car-
bonyl groups, a process destined to lower the band gaps. The dynamics of the electronic
processes and the Raman vibration spectra are also explored in a polycarbazole-based
polymer.
From then, the usefulness of theoretical calculations in the design of polymers before
their syntheses is explored. Density functional theory calculations are studied under the
Scharber model in order to predict the efficiency of organic solar cells. Then, a new
approach for the design of low band gap polymer based on the aromatic or quinoid
structures is established, whose efficiency surpasses the actual donor-acceptor approach.
These studies are used in the exploration of the chemical space and several candidate for
polymers with interesting electronic properties are presented.
Keywords: Photovoltaics, polymers, organic materials, electronic structure, ab
initio calculations, density functional theory.
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CHAPITRE 1
INTRODUCTION
Le monde a des besoins énergétiques de plus en plus grands. En 2012, la consomma-
tion énergétique mondiale dépassait les douze milliards de tonnes d’équivalents pétrole.
Le pétrole, le charbon et le gaz naturel composent 87% de cette consommation.[32] Un
des grands défis de notre génération est de diminuer notre dépendance envers les sources
d’énergie non renouvelables pour pouvoir combler nos besoins futurs.
L’énergie solaire est un candidat de plus en plus populaire pour résoudre cette crise
énergétique. En effet, cette technologie occupe une place de plus en plus grande dans
notre culture et dans notre économie. Nous pouvons soutirer de l’énergie du Soleil de
nombreuses façons, avec des processus tels l’énergie thermique ou la photosynthèse. La
technologie actuelle la moins coûteuse pour la production d’électricité à partir du Soleil
est l’utilisation de l’effet photoélectrique,[1] par lequel un photon excite directement
un électron dans un semi-conducteur, qui peut ensuite être utilisé pour construire une
différence de potentiel et donc, un courant électrique. Ce processus de transformation
énergétique est appelé énergie photovoltaïque.
L’énergie solaire est actuellement limitée par ses coûts d’exploitation qui peinent à
concurrencer les sources d’énergie actuelles. Par exemple, au Québec, l’hydroélectri-
cité est fournie à un tarif de 5,4 sous par kilowattheure en avril 2013.[178] En com-
paraison, les coûts moyens de l’énergie photovoltaïque sont situés à 14,4 sous par
kilowattheure.[1] Cependant, les coûts des énergies renouvelables ont tendance à dimi-
nuer alors que ceux des énergies non renouvelables augmentent. Le principe de parité ré-
seau1 a lieu lorsque les coûts d’une énergie alternative sont égaux au prix de vente actuel
d’un réseau électrique, et la parité a été récemment atteinte en Espagne.[70] Lorsque la
parité réseau est atteinte, le développement de l’énergie solaire à grande échelle devient
alors économiquement viable. Il est donc crucial pour le développement de l’énergie
solaire d’améliorer la technologie actuelle et de diminuer ses coûts.
1en anglais: grid parity
2La diminution des coûts d’un panneau solaire passe par la compréhension de son
fonctionnement. Dans un semi-conducteur, les électrons occupent tous les niveaux
d’énergie disponibles jusqu’au niveau de Fermi, et il existe ensuite une plage d’éner-
gie inaccessible appelée band gap2, au-dessus de laquelle d’autres états inoccupés se
situent. Les derniers états occupés constituent la bande de valence, et les premiers états
inoccupés au-dessus du band gap constituent la bande de conduction. Via l’effet pho-
toélectrique, un photon peut exciter un électron de la bande de valence à la bande de
conduction, laissant ainsi une absence d’électron, un trou, dans le niveau précédemment
occupé. L’électron et le trou sont encore couplés par la force de Coulomb et forment un
exciton. Pour pouvoir retirer de l’énergie de ce phénomène, il faut un processus pour évi-
ter que cet électron ne se recombine avec le trou en revenant dans son état original. Les
panneaux solaires dits inorganiques utilisent le principe d’une jonction p-n pour créer
un champ électrique qui sépare physiquement l’électron du trou, empêche la recombi-
naison de l’exciton et transporte ces porteurs de charges aux interfaces du dispositif. Les
porteurs ainsi séparés peuvent être utilisés pour fournir un courant électrique.[203] Le
fonctionnement est illustré à la Figure 1.1.
Les panneaux solaires à base de silicium sont actuellement les plus populaires,
puisque le silicium est présent en très grande proportion dans la croûte terrestre et que
les technologies de traitement et de dopage du silicium forment des dispositifs pouvant
très facilement retirer l’énergie d’un électron excité. Cependant, cette technologie est
limitée par son fort coût autant financier qu’énergétique. En effet, pour produire l’éner-
gie nécessaire pour fabriquer un panneau solaire à base de silicium, il faudrait utiliser
un panneau solaire pendant 6 à 16 ans.[228] Cela limite l’énergie solaire à des usagers
pouvant se permettre un fort investissement de départ.
Plusieurs autres technologies inorganiques existent, par exemple les cellules solaires
à plusieurs jonctions où l’énergie de plusieurs photons se combine pour augmenter l’effi-
cacité, mais ces cellules particulièrement coûteuses sont réservées à des usages sous des
concentrateurs de lumière ou dans des milieux distants où l’énergie est peu accessible.
2Bien que le terme français soit largeur de bande interdite, l’appellation band gap, couramment utilisée
dans la communauté, sera favorisé pour alléger le texte.
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Figure 1.1 – Fonctionnement d’une cellule solaire inorganique.
Les cellules à couche minces à base de Cadmium-Tellurium ou Cuivre-Indium-Gallium-
Sélénium utilisent moins de matériau que les cellules à base de silicium et procurent
une alternative intéressante, mais ne pourront pas combler les besoins énergétiques de la
planète puisque ces matériaux sont rares et souvent toxiques.[62]
Chacune de ces technologies peut trouver une utilisation spécifique, mais plusieurs
usages demeurent inaccessibles. Une technologie émergente pouvant pallier les la-
cunes actuelles du domaine est la photovoltaïque organique dans laquelle les semi-
conducteurs sont à base de carbone. Ces composés sont beaucoup moins coûteux à
fabriquer et nécessitent aussi un investissement initial plus faible.[10, 63, 115] Ils pré-
sentent aussi la possibilité d’être dissouts et incorporés à des encres. Celles-ci peuvent
bénéficier de l’énorme expertise en technique d’impression, d’un faible coût et d’une
très grande rapidité de production. De plus, les dispositifs organiques peuvent être fa-
briqués sur des substrats flexibles ou semi-transparents, et peuvent ainsi profiter de nou-
4velles applications, par exemple des textiles solaires qui s’enroulent pour un transport
facile, des vitres teintées photovoltaïques ou une inclusion facile à l’architecture des
édifices.[40, 50, 136, 153, 201]
Les cellules solaires organiques fonctionnent de manière similaire à leurs équivalents
inorganiques, mais leurs composants ne peuvent être dopés de manière aussi efficace
pour créer une jonction p-n. Ainsi, la jonction p-n est remplacée par une hétérojonction
entre deux matériaux distincts appelés donneur et accepteur d’électrons, comme illustré
dans la Figure 1.2. Les niveaux énergétiques de ces deux matériaux sont placés de sorte
que le champ à leur interface sépare les porteurs de charge. Pour minimiser la distance
que l’exciton doit parcourir et pour ainsi éviter sa recombinaison, il est donc important
de maximiser l’interface entre le matériau donneur et le matériau accepteur à l’aide d’une
hétérojonction volumique illustrée à la Figure 1.3, de sorte qu’une interface soit toujours
à proximité de l’exciton pour le dissocier.[53]
La limitation principale de la photovoltaïque organique reste sa faible efficacité par
rapport à ses homologues inorganiques. Pour pouvoir être économiquement viable et
compétitif, il est crucial d’augmenter cette efficacité. Pour ce faire, il faut pouvoir trou-
ver les composés organiques qui possèdent les propriétés électroniques les plus utiles,
entre autres un band gap optimal et des niveaux énergétiques permettant une hétéro-
jonction efficace. Cependant, l’espace moléculaire des différents composés organiques
possibles est énorme. La synthèse de tous les composés est complètement impossible, et
il est crucial de pouvoir sonder les propriétés de façon théorique pour une meilleure effi-
cacité. Le Harvard Clean Energy Project utilise la puissance combinée d’un gigantesque
réseau d’ordinateurs résidentiels pour calculer les propriétés de millions de molécules
organiques et explorer ainsi cet espace moléculaire.[86] Néanmoins, ce projet s’attaque
seulement aux composés moléculaires, et se n’intéresse pas encore aux systèmes pério-
diques comme les chaines de polymères ou aux cristaux moléculaires.
Scharber et al. a proposé un modèle semi-empirique en 2006 pour expliquer le fonc-
tionnement des dispositifs organiques et prévoir une efficacité maximale de 11% basée
sur ce modèle.[189] Il existe une grande disparité entre cette limite de Scharber la limite
de Shockley-Queisser de 33,7%[197] sur les jonctions p-n utilisée dans les dispositifs
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6Figure 1.3 – Représentation d’une cellule solaire organique à hétérojonction volumique.
inorganiques. Le facteur limitant du modèle de Scharber est la présence de pertes empi-
riques totalisant 0,6 eV lors de la séparation des porteurs de charge. Cette perte empirique
est mesurée dans beaucoup de dispositifs, mais est encore particulièrement mal comprise
dans la communauté scientifique.
Les calculs théoriques peuvent apporter des précisions aux résultats expérimentaux
pour sonder des propriétés difficiles à mesurer et procurer de nouveaux liens nécessaires
à la compréhension des dispositifs organiques. La compréhension de la perte énergétique
de 0,6 eV des dispositifs organiques pourrait mener à son élimination, et ainsi doubler
leur efficacité. Plusieurs outils de calculs théoriques permettent de sonder les propriétés
de matériaux. Pour avoir une bonne compréhension des propriétés électroniques, il est
utile de partir de principes premiers et de résoudre l’équation de Schrödinger. Ces mé-
thodes de calculs qui ne sont pas basées sur des données expérimentales sont appelées
ab initio.
Une technique intéressante pour résoudre l’équation de Schrödinger est la théorie de
la fonctionnelle de la densité (DFT).[41, 148] Cette dernière est basée sur le théorème
de Hohenberg-Kohn, qui stipule que n’importe quel observable du système, y compris
l’énergie totale, peut être exprimé en tant que fonctionnelle de la densité de l’état fon-
damental grâce à un principe de minimisation de l’énergie.[96] La difficulté à la base
de la DFT consiste à trouver cette fonctionnelle. L’utilisation de cette fonctionnelle pour
7obtenir les propriétés de notre système a été développée par Kohn et Sham.
La stratégie de Kohn-Sham consiste à supposer l’existence d’un système d’électrons
non interagissant qui possède la même densité d’état fondamental que notre système
réel. Puisque nos deux systèmes ont la même densité d’état fondamental, ils ont donc
la même énergie totale, puisque cette dernière est une fonctionnelle de la densité. En
supposant que ce système d’électrons non interagissant existe et possède des fonctions
électroniques ψ iKS, nous pouvons dériver l’énergie totale de notre système par ψ
i
KS et ob-
tenir une équation très semblable à l’équation de Schrödinger à un corps. Nous pouvons
facilement résoudre cette équation pour obtenir de nouveaux ψ iKS, et ainsi une nouvelle
densité d’état fondamental. À partir de cette densité, nous obtenons une nouvelle énergie
totale, et le processus recommence jusqu’à obtenir une convergence de notre énergie. Le
processus est illustré à la Figure 1.4.
La DFT se limite aux propriétés de l’état fondamental, et bien que les valeurs propres
des états de Kohn-Sham peuvent être interprétées comme une approximation d’ordre
zéro des énergies des états excités, il n’y a pas de justification rigoureuse derrière cette
pratique. Une variante de la DFT, la DFT dépendante du temps (TDDFT), permet de son-
der les propriétés des états excités en analysant les résonances de la réponse temporelle
du système.[146] Bien que la TDDFT soit efficace pour les molécules, elle ne fonctionne
pas très bien pour les systèmes étendus comme les polymères. D’autres méthodes plus
poussées et plus exigeantes existent, comme la GW et les équations de Bethe-Saltpeter
et sont réputées pour leur exactitude. Cependant, l’avantage de la DFT est sa rapidité. Il
s’agit de l’outil de compromis idéal pour de multiples collaborations nécessitant l’ana-
lyse de multiples polymères.
La fonctionnelle utilisée dans la majorité de cette thèse est la B3LYP,[20] une fonc-
tionnelle semi-empirique dont les paramètres sont tirés d’une fonctionnelle semblable, la
B3PW91[81]. Ces paramètres ont été fixés sur les propriétés d’un ensemble de diverses
molécules. Il est important de noter que malgré sa popularité actuelle dans le domaine,
la B3LYP est désuette. Cependant, aucune fonctionnelle plus récente a remplacé objec-
tivement la B3LYP dans la communauté. Puisque cette thèse porte sur les collaborations
entre les théoriciens et les expérimentateurs et non sur le peaufinement des outils théo-
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6) Ces ψ iKS nous donnent une nouvelle densité.
7) On répète les étapes 3 à 6 jusqu’à obtenir une convergence de nos quantités.
riques, il a été jugé préférable d’utiliser le standard de la communauté des chimistes
organiques. Comme il est discuté au cours de cette thèse, la B3LYP détient un bon pou-
voir prédictif lorsqu’elle analyse les orbitales frontières des molécules et des polymères.
Ces orbitales frontières sont majoritairement situées sur la chaîne principale qui défi-
nissent les propriétés électroniques, à l’inverse des chaînes secondaires qui dictent les
propriétés morphologiques.
Cette thèse s’attarde autour de quatre articles qui étudieront différentes contributions
théoriques au champ de recherche de la photovoltaïque organique. Le premier article
discute de la caractérisation de nouveaux composés du diketopyrrolopyrrole (DPP) et du
thienopyrroledione (TPD). Un procédé de sulfuration appliqué sur ces composés permet
de réduire leur band gap et ainsi augmenter l’absorption solaire pour permettre d’aug-
9menter l’efficacité des dispositifs photovoltaïques. Puisque ces composés sont nouveaux,
il est important d’avoir des résultats théoriques pour confirmer les résultats expérimen-
taux. Les calculs théoriques permettent également de sonder l’origine de la diminution
du band gap et ainsi ouvrir la porte à un processus pour diminuer les band gaps de façon
méthodique sur d’autres polymères. De plus, la technique de sulfuration affecte la stabi-
lité des molécules, et la DFT peut étudier la structure moléculaire du polymère et l’effet
de la répartition de la charge sur ce dernier.
Le second article parle d’une nouvelle technique expérimentale permettant de son-
der la dynamique électronique à des échelles de temps de l’ordre de la femtoseconde.
La dynamique électronique des cellules solaires organiques à hétérojonction volumique
est particulièrement complexe et mal comprise. Le fait de pouvoir sonder ce processus
permet de comprendre l’origine des pertes empiriques de 0,6 eV des dispositifs, la diffé-
rence principale avec les dispositifs inorganiques. En plus de donner de la crédibilité au
nouveau spectre expérimental parfois controversé et d’expliquer partiellement la dispari-
tion de certains pics due à la réorganisation de la charge, les calculs théoriques aident à la
caractérisation particulièrement complexe des vibrations des polymères. Ces vibrations
sont centrales à l’identification des états excités. En effet, en étudiant la progression du
spectre de vibrations au fil du temps, on étudie ainsi la progression des états excités.
Le troisième article aborde le modèle de Scharber. Ce modèle semi-empirique a été
développé en 2006 pour pouvoir prédire le potentiel de polymères nouvellement synthé-
tisé à partir de leurs propriétés électroniques. L’avantage de ce modèle, en plus de fournir
une limite réaliste d’efficacité qui n’était pas atteinte à l’époque, est d’éviter d’entre-
prendre la fabrication d’un dispositif photovoltaïque pour les polymères incompatibles.
Cependant, la DFT permet de prédire les propriétés électroniques des polymères avant
leurs synthèses, qui sont parfois des processus longs et complexes. L’article s’intéresse à
l’efficacité de la DFT sur la prédiction des propriétés des polymères lorsqu’utilisés dans
un dispositif, dans le cadre du modèle de Scharber, et proposera un certain nombre de
candidats non synthétisés à l’époque pouvant potentiellement atteindre une haute effica-
cité.
Le dernier article de cette thèse montre le potentiel des calculs théoriques dans la
10
quête pour trouver des polymères avec des band gaps de plus en plus petits. L’étude uti-
lise la DFT pour établir une relation entre les structures atomiques et le band gap des
polymères pour une banque de plus de 200 polymères provenant de différentes familles.
Un tel lien permet de développer une nouvelle technique pour synthétiser des copoly-
mères à faible band gaps à partir de leurs structures atomiques qui s’avère plus efficace
que la technique précédente utilisant les niveaux énergétiques.
CHAPITRE 2
SULFURATION DU DIKETOPYRROLOPYRROLE
2.1 Mise en contexte
Un des grands défis de l’électronique organique est de trouver des polymères aux
band gaps de plus en plus petits. Par exemple, selon une étude récente, le band gap opti-
mal pour les panneaux solaires organiques est situé entre 1,1 et 1,4 eV.[189] En effet, la
majorité des polymères ont un band gap trop élevé pour des applications électroniques
efficaces, et diminuer ce band gap favoriserait l’absorption de la lumière visible. La créa-
tion de nouveaux polymères aux propriétés intéressantes demande du temps, entre autres
pour établir des méthodes efficaces de synthèse et de traitement. Il est donc utile de trou-
ver des techniques pouvant modifier le band gap de polymères de façon méthodique
pour pouvoir bénéficier de l’expertise les entourant. Le diketopyrrolopyrrole (DPP) et le
thienopyrroledione (TPD) sont deux molécules utilisées en chimie organique pour leurs
faibles band gaps et leur grande planarité.[60, 114, 198] Il est vu dans ce chapitre que
cette planarité est assurée partiellement par les groupements carbonyles qui les com-
posent.
Le DPP est couramment synthétisé à partir de molécules de thiophène pour des ap-
plications photovoltaïques,[60, 114] et à partir de benzène pour des utilisations en tant
que pigment.[91, 133] Cependant, plusieurs calculs théoriques utilisant la théorie de la
fonctionnelle de la densité (DFT), accomplis par Simon Lévesque et moi-même, ont
démontré que la substitution de la molécule de thiophène ou de benzène par d’autres
molécules affecte grandement le band gap de la molécule de DPP.
Malheureusement, ces molécules interfèrent avec les groupes carbonyles du DPP, et
les modifications de ces derniers ont alors été explorées. L’oxygène et le soufre étant
dans la même colonne du tableau périodique et possédant ainsi le même nombre d’élec-
trons de valence, il est possible de remplacer les groupes carbonyles par des groupes
thiocarbonyles par un processus appelé sulfuration à l’aide du réactif de Lawesson. Il
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faut cependant étudier les effets de cette substitution sur les propriétés photoélectriques
ainsi que sur la stabilité de notre composant.
C’est ici que l’importance du théoricien surgit. La synthèse et la caractérisation de
nouveaux composants pour de nouvelles applications sont des projets pluridisciplinaires
qui nécessitent la collaboration entre chimistes et physiciens. Par exemple, puisque les
effets de la sulfuration sur ces molécules organiques sont peu documentés, les calculs
théoriques servent à rajouter de la crédibilité aux mesures expérimentales sur ces nou-
veaux composants. De plus, les calculs théoriques permettent de caractériser la molé-
cule d’une manière complètement différente et guider ainsi les développements de la
synthèse. Dans le cadre de cette étude, plusieurs calculs de DFT ont pu identifier que la
sulfuration des composés contribuait à diminuer leurs band gaps.
Malheureusement, les composants recherchés souffraient d’une grande instabilité en
laboratoire. Une analyse de charge électronique a été accomplie dans le but de trouver
la source de cette instabilité. Des calculs subséquents sur la substitution du thiophène
par du furane créaient une attraction électronique plus grande avec la molécule du DPP,
contribuant ainsi à une plus grande stabilité dans le noir tout en conservant de faibles
band gaps. Les composants contenant les groupes thiocarbonyles sont malheureusement
tous instables à la lumière pour des raisons encore inconnues. Il est donc crucial de
continuer cette étude si on souhaite obtenir des résultats utiles pour la photovoltaïque.
Les calculs DFT ont été principalement accomplis par Simon Lévesque, entre autres
les calculs de stabilité de la Table 2.III et des Figures 2.4 et 2.5, ainsi que les calculs
de charges des Figures 2.6 et 2.7. Suite à un empêchement de la part de Simon, j’ai dû
prendre le relais du projet et procéder à l’analyse des résultats et la collaboration avec les
chimistes du groupe de Mario Leclerc. Les parties théoriques et la structure générale de
l’article ont été rédigées par moi-même, plus spécifiquement les parties théoriques des
Sections 2.2.2, 2.2.3.1 et 2.2.3.2.
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2.2 Thiocarbonyl Substitution in 1,4-Dithioketopyrrolopyrrole and Thienopy-
rroledithione Derivatives: An Experimental and Theoretical Study
Simon Lévesque,1 David Gendron,2 Nicolas Bérubé,1 François Grenier,2 Mario
Leclerc2 and Michel Côté1
1 Département de Physique, Université de Montréal, Montréal, Québec H3C 3J7, Canada 2
Département de Chimie, Université Laval, Québec City, Québec G1V 0A6, Canada
A series of new 1,4-dithioketopyrrolopyrrole and thienopyrrolodithione derivatives
have been synthesized and characterized by spectroscopy and electrochemistry mea-
surements. The replacement of carbonyl by thiocarbonyl has a direct effect on the
optical gap and on the ionization potential and electron affinity energies. For example,
the optical gaps have been lowered by 0.5 eV, a fact that has been correctly predicted by
density functional theory and time-dependent density functional theory calculations. A
theoretical analysis on the stability of the new molecules is also presented.
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2.2.1 Introduction
Since the first publication by Farnum in 1974,[69] the 1,4-diketopyrrolopyrrole
(DPP) unit has been intensely studied and used as a pigment or dye in a variety of
applications.[91, 133] Indeed, many articles[107, 224] report the use of different sub-
stituents on the aromatic cycles flanking the DPP core (Ar, see Figure 2.1), such as nitro,
tert-butyl, or nitrile group, and on different positions, such as meta or para of a benzene
ring or the 4- or 5-positions of a thiophene. This strategy is efficient to modulate the
optical properties and the structural organization in the solid state. Nowadays, DPP ma-
terials are mostly used in organic field-effect transistors and organic solar cells because
of their exceptional ambipolar mobilities (> 1 cm2/Vs) and their high power conver-
sion efficiencies (up to 6.05 % in single-layer cells, 8.62 % in tandem cells).[60, 114]
In parallel, the thieno[3,4-c]pyrrole-4,6-dione (TPD) unit has been reported by Tour and
Zhang in the late 1990s,[238, 239] and was recently rediscovered as a new building
block for optoelectronic applications. Power conversion efficiencies as high as 8.1 %
(certified 7.4 %) have recently been obtained.[198] Indeed, the TPD is now one of the
most promising units in the organic photovoltaic field. However, the understanding of
the TPD chemistry is still in progress.
Only a few studies have focused on the modification of the carbonyl groups on
either the DPP or the TPD units.[176] More precisely, Mizuguchi has reported a se-
ries of papers on the 1,4-dithioketo-3,6-diphenylpyrrolo-[3,4-c]-pyrrole, a thiocarbonyl
derivative.[154–156] While using a vapor treatment, a red-shift of the absorption max-
ima was observed on models compounds, caused by a better packing in the solid state.
This molecular reorganization allows a stabilization of the system by an overlapping of
the thiocarbonyl orbitals. In parallel, the study of the photophysics of thiocarbonyls has
allowed a better understanding of the electronic states present in those compounds and
a development of the synthesis of new chromophores with unique optical properties. In
this regard, the photophysics of the thiocarbonyl compounds have already been reviewed
in the literature.[144, 179, 202]
In this article, we have focused our attention on the synthesis and characterization
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Figure 2.1: (a) Structure of the 1,4-diketopyrrolopyrrole (DPP) unit, and (b) structure
of the thieno[3,4-c]pyrrole-4,6-dione (TPD) unit. In both structures, Ar stands for aryl
while R stands for alkyl.
of new DPP and TPD derivatives. Their optical and electronic properties were exper-
imentally investigated by UV-visible absorption spectra and cyclic voltammetry mea-
surements (CV), respectively. To further understand the effects of the substitution of a
carbonyl by a thiocarbonyl, such as the modification of the optical gap and the relative
stability, density functional theory (DFT) and time-dependent density functional theory
(TDDFT) calculations have been carried on. DFT and TDDFT are theoretical meth-
ods that have been and are still used extensively in an effort to design, understand, and
predict the properties of actual and future organic solar cells.[9, 19, 23, 131, 158, 206]
2.2.2 Experimental and Theoretical Methods
All chemicals were purchased from commercial sources (Aldrich, TCI America, or
Alfa Aesar) and used without further purification unless stated otherwise. The com-
pounds shown in Figure 2.2 were synthesized according to already reported procedures
in the literature[26, 134, 161, 243, 244] or as described in the Supporting Information
section (Schemes S1 and S2).[138] More specifically, Lawesson’s reagent was used
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as the sulfuring reagent to supply the thiocarbonyl corresponding compounds. The
reaction must be carried out at high temperature (100-120 ◦C), in m-xylene or 1,2-
dichlorobenzene, and in the dark to avoid any early decomposition of the compounds.
The UV-visible absorption spectra were recorded on a Varian Cary 50 UV-vis spec-
trophotometer in CH2Cl2. The ionization potential (IP) and electron affinity (EA) ener-
gies were determined from the onsets of the oxidation and reduction potentials respec-
tively. To do so, cyclic voltammetry measurements (Solartron 1287 Potentiostat) were
carried out using platinum electrodes at a scan rate of 50 mV/s with the desired com-
pound in a solution of Bu4NClO4 (0.1 M in CH2Cl2) with a Ag wire as the pseudorefer-
ence. Potentials are referenced to the standard calomel electrode (SCE), assuming that
SCE electrode is -4.71 eV from vacuum.[42, 211]
The theoretical electronic properties of the molecules have been obtained with the
Gaussian 03 package.[71] All calculations were done with the B3LYP[20] functional and
the 6-311g(d,p) basis set.[128]1 The B3LYP functional is well-known for an accurate de-
scription of organic materials because it contains a certain percentage of exact-exchange
fitted on empirical data.[4, 111] The n-octyl alkyl chains have also been approximated by
methyl groups to reduce computational time. The alkyl chains affect mostly the molec-
ular packing, which is not considered here because all molecular calculations were done
on single molecules in vacuum. The electronic properties should not be affected by this
approximation because the wave function is mostly located on the molecular core, and
not in the alkyls chains.
The theoretical molecular orbital energies shown in Tables 2.I and 2.II are the Kohn-
Sham energy levels obtained from ground-state calculations. The optical gaps were
calculated with TDDFT, which can accurately account for the optical excitations of
molecules.[146, 164] In our theoretical stability study (Table 2.III, Figures 2.4 and 2.5),
all of the total energies and natural bond orbital charges (NBO) were calculated within
the DFT approach.[41]
1The molecular structures were relaxed with the tight convergence criteria, which means a maximum
force threshold of 1.5×10−5 hartree with a residual mean square threshold of 1.0×10−5 hartree.
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Figure 2.2: Chemical structures of DPP and TPD carbonyls and thiocarbonyls com-
pounds.
2.2.3 Results and Discussion
2.2.3.1 DPP Compounds
The UV-vis absorption spectra of the DPP compounds are shown in Figure 2.3, and
the optical gaps are reported in Table 2.I. First, we note that the carbonyl compounds
show two principal absorption bands, one strong at 2.27 eV (546 nm) for DPP-Th-O,
2.31 eV (537 nm) for DPP-Fu-O, and 2.04 eV (608 nm) for DPP-Fu-Th-O, together
with a weaker band at 3.65 eV (340 nm), 3.54 eV (350 nm) and 3.54 eV (350 nm), re-
spectively. We have also identified small peaks at 511 nm, 496 nm, and 561 nm for each
molecule, respectively, that we assign to vibration replica of the main absorption peak.
Consequently, we can estimate the optical gaps (from the absorption onset) at 2.12 eV,
2.20 eV, and 1.81 eV for DPP-Th-O, DPP-Fu-O, and DPP-Fu-Th-O, respectively. It is
quite normal that the DPP-Fu-Th-O compound possesses a lower optical gap because the
conjugation length has been extended by the addition of a thiophene ring on both sides
of the molecule.
The DPP-thiocarbonyl compounds show an interesting absorption spectrum. First,
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Figure 3.  UV-vis absorption spectra of a) DPP-Th-O and DPP-Th-S, b) DPP-Fu-O and DPP-Fu-
S, c) DPP-Fu-Th-O and DPP-Fu-Th-S, d) TPD-Th-O, TPD-Fu-O and TPD-Fu-S in CH2Cl2. 
 
The DPP-thiocarbonyl compounds show an interesting absorption spectrum. First, upon close 
inspection, although the DPP-Th-S first peak has its maximum at 615 nm, the shape of the peak 
suggests that it is indeed the first vibration replica. The pure optical transition would be close to 
650 nm or 1.91 eV as indicated in Figure 3. If we now compare the absorption spectra of the 
thiocarbonyl to the carbonyl compounds, we notice that the values of the absorption maxima are 
redshifted by 0.36 eV at 1.91 eV (650 nm) for DPP-Th-S, by 0.40 at 1.91 (648 nm) eV for DPP-
Fu-S, and by 0.21 eV at 1.83 eV (677 nm) for DPP-Fu-Th-S. Also, there is an increase of the 
intensity of the bands at 3.75 eV (331 nm), 3.91 eV (317 nm) and 3.34 eV (371 nm) along with 
Page 7 of 25
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Figure 2.3: UV-vis absorption spectra of (a) DPP-Th-O and DPP-Th-S, (b) DPP-Fu-O
and DPP-Fu-S, (c) DPP-Fu-Th-O and DP -Fu-Th-S, and (d) TPD-Th-O, TPD-Fu-O and
TPD-Fu-S in CH2Cl2.
upon close inspection, although the DPP-Th-S first peak has its maximum at 615 nm,
the shape of the peak suggests that it is indeed the first vibration replica. The pure
optical transition would be close to 650 nm or 1.91 eV as indicated in Figure 2.3. If
we now compare the absorption spectra of the thiocarbonyl to the carbonyl compounds,
we notice that the values of the absorption maxima are red-shifted by 0.36 at 1.91 eV
(650 nm) for DPP-Th-S, by 0.40 eV at 1.91 V (648 nm) f r DPP-Fu-S, and by 0.21
at 1.83 eV (677 nm) for DPP-Fu-Th-S. Also, there is an increase of the intensity of the
bands at 3.75 eV (331 nm), 3.91 eV (317 nm), and 3.34 eV (371 nm) along with the
apparition of a third band at 3.11 eV (399 nm), 2.98 eV (416 nm), and 2.67 eV (465 nm)
for compounds DPP-Th-S, DPP-Fu-S and DPP-Fu-Th-S respectively. The optical gap is
also reduced to about 1.70 eV for all of the thiocarbonyl compounds (see Table 2.I).
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Table 2.I: Optical, Electronical and Theoretical Properties of the DPP
Derivatives†
compound method IP (eV) EA (ev) Eelecg (eV) E
opt
g (eV)
DPP-Th-O exp. 5.70 3.92 1.78 2.12 / 2.27
theor. 5.18 2.72 2.46 2.41
DPP-Th-S exp. 5.45 4.06 1.39 1.68 / 1.91
theor. 5.35 3.24 2.11 1.84
DPP-Fu-O exp. 5.61 3.89 1.72 2.20 / 2.31
theor. 5.11 2.61 2.50 2.48
DPP-Fu-S exp. 5.46 4.14 1.32 1.70 / 1.91
theor. 5.27 3.17 2.10 2.00
DPP-Fu-Th-O exp. 5.39 4.01 1.38 1.81 / 2.04
theor. 5.00 2.87 2.14 2.06
DPP-Fu-Th-S exp. 5.34 4.08 1.26 1.70 / 1.83
theor. 5.19 3.25 1.94 1.77
† The experimental electronic band gap is calculated from the difference be-
tween the IP and EA, two values obtained experimentally by cyclic voltam-
metry. The theoretical determinations of the EA and IP energies are simply
taken to be the energy levels of the LUMO and HOMO electronic states, re-
spectively, of the DFT calculations. For the experimental optical band gap,
two numbers are reported, the first corresponding to the onset of the UV-
vis absorption spectrum and the second taken for the maximum of the first
absorption peak. The theoretical optical gaps are from TDDFT calculations.
The IP and EA energies of all of the compounds were determined by CV. As shown in
Table 2.I, we observe that compounds DPP-Th-O, DPP-Fu-O, and DPP-Fu-Th-O possess
a greater IP energy of about 0.2 eV than their corresponding thiocarbonyl compounds.
More precisely, IP energies of 5.70, 5.61 and 5.39 eV are obtained, respectively, for
DPP-Th-O, DPP-Fu-O and DPP-Fu-Th-O. For the thiocarbonyl compounds, IP energies
of 5.45, 5.46, and 5.34 eV are obtained for DPP-Th-S, DPP-Fu-S and DPP-Fu-Th-S,
respectively. Also, on the basis of their IP energies, all of these compounds should be
stable to the air oxidation.[31, 58] Finally, if we compare the EA energies, we only
observe a slight difference (around 0.1-0.2 eV) between the carbonyl and thiocarbonyl
DPP compounds. Indeed, in this case, the carbonyl compounds DPP-Th-O, DPP-Fu-O
and DPP-Fu-Th-O possess EA energies of 3.92, 3.89, and 4.01 eV, respectively, which is
slightly lower and in the experimental error as compared to the following thiocarbonyls
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compounds, DPP-Th-S ( 4.06 eV), DPP-Fu-S (4.14 eV), and DPP-Fu-Th-S (4.08 eV).
Also shown in Table 2.I are the results of our theoretical analysis. We notice that
the reduction in the optical gap is well reproduced by the calculations. In fact, we see
that the calculated TDDFT optical excitations are in very good agreement with the max-
imum energy of the first absorption peak, all theoretical values being within 0.2 eV of
the experimental ones. This difference between experiment and theory can be attributed
to many different factors such as solvent effects that have not been considered in the
calculated values and the precision of the functional used. From the experimental CV
energy levels, the reduction of the optical gap on the thiocarbonyl compounds as com-
pared to the carbonyl ones can be attributed to both a larger EA energy and a lower IP
energy. Theoretical data show a different behavior where both the IP and EA energies
are increased, although the gain is more pronounced for the EA energy, which results
in a net decrease of the energy gap. The discrepancy between the experimental results
and theoretical calculations on how the IP energies are affected by the substitution of
carbonyl groups by thiocarbonyl groups is unclear. Still, we should not pay too much
attention to this difference because the Kohn-Sham eigenvalues, used to estimate the IP
energies, are not truly simulations of the process that is going on in a CV measurement.
However, the theoretical calculations do offer an important and reliable trend for the
optical gaps. The lowering of the optical gaps for each component is accurate to tenths
of an electronvolt. For example, if we take DPP-Fu, which, as opposed to DPP-Th,
remains stable with the thiocarbonyl compound, the experimental difference between the
DPP-Fu-O and the DPP-Fu-S optical gaps is 0.40 eV (cyclic voltammetry) and 0.50 eV
(optical). The theoretical counterparts of both of these values are, respectively, 0.40 eV
(Kohn-Sham energy levels) and 0.48 eV (TDDFT). This means that the lowering of the
optical gap with the presence of thiocarbonyl group is an effect that we can confirm with
theoretical calculations.
2.2.3.2 TPD Compounds
Concerning the TPD derivatives (Figure 2.3d), we note the presence of an absorption
band at 3.25 eV (381 nm) for TPD-Th-O and at 3.29 eV (377 nm) for TPD-Fu-O. Both
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carbonyl compounds (TPD-Th-O and TPD-Fu-O) have similar gaps of 2.90 and 2.95 eV,
respectively, obtained from the onset of absorption spectrum. The sulfuration reaction
only worked for compound TPD-Fu-S as we were not able to successfully isolate the
TPD-Th-S. In this regard, only the TPD-Fu-S is presented in Figure 2.3. We notice the
apparition as a major absorption band with its maximum at 2.44 eV (509 nm) and other
absorption bands at higher energies, 3.08 eV (402 nm) and 3.51 eV (353 nm). Again,
considering the shape of the first absorption peak, its maximum is probably located at
its first vibrational replica, and therefore we can estimate the absorption peak at 2.26 eV
(550 nm). The estimated optical gap for the TPD-Fu-S is 2.16 eV, a stunning difference
of 0.8 eV as compared to the carbonyl compounds.
As shown in Table 2.II, the energy levels of TPD-Th-O and TPD-Fu-O are quite sim-
ilar. Changing the thiophene of TPD-Th-O for a furan has little impact on the IP energy
(6.07 eV vs 6.09 eV) and increases the EA energy by 0.11 eV (3.11 eV vs 3.22 eV).
Changing the carbonyls of TPD-Fu-O for thiocarbonyls produces a much more dramatic
change to the electronic properties. The modulation of the IP energy is small, TPD-Fu-S
(5.94 eV) having an IP energy only 0.15 eV lower than that of TPD-Fu-O (6.09 eV).
The increase of the EA energy is a lot more significant as it is increased by a staggering
0.79 eV, going from 3.22 to 4.01 eV.
If we now look at the theoretical results for TPD from Table 2.II, we can draw the
same conclusions as for the DPP compounds, and we find that the calculated TDDFT op-
tical transition matches well the maximum of the first absorption peak for each molecule.
Indeed, the experimental difference between the TPD-Fu-O and the TPD-Fu-S optical
gaps is 0.94 eV (cyclic voltammetry) and 0.79 eV (optical), and the theory predicts, re-
spectively, 0.75 eV (Kohn-Sham energy levels) and 1.06 eV (TDDFT). However, the
lowering of the optical gap for the TPD compounds is mostly due to an important in-
crease of the EA energy and a more-or-less constant IP energy, a fact that DFT calcula-
tions reproduce adequately.
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Table 2.II: Optical, Electronical and Theoretical Properties of the
TPD Derivatives†
Compound Method IP (eV) EA (ev) Eelecg (eV) E
opt
g (eV)
TPD-Th-O exp. 6.07 3.12 2.95 2.95 / 3.25
theor. 5.82 2.44 3.38 3.11
TPD-Th-S exp.†† - - - -
theor. 5.91 3.15 2.76 2.03
TPD-Fu-O exp. 6.09 3.22 2.87 2.90 / 3.29
theor. 5.69 2.22 3.47 3.24
TPD-Fu-S exp. 5.94 4.01 1.93 2.16 / 2.26
theor. 5.81 3.09 2.72 2.18
† The experimental electronic band gap is calculated from the difference of
the IP and EA, two values obtained experimentally by cyclic voltamme-
try. The theoretical determinations of the EA and IP energies are simply
taken to be the energy levels of the LUMO and HOMO electronic states,
respectively, of the DFT calculations. For the experimental optical band
gap, two numbers are reported, the first corresponding to the onset of the
UV-vis absorption spectrum and the second taken for the maximum of
the first absorption peak. The theoretical optical gaps are from TDDFT
calculations.
†† Unable to successfully isolate compound TPD-Th-S.
2.2.3.3 Stability Analysis
It is important to note that thiocarbonyl compounds of DPP derivatives (DPP-Th-
S, DPP-Fu-S, and DPP-Fu-Th-S) are not stable under ambient light condition. They
decompose in a matter of hours if exposed to light. To avoid any fast decomposition of
the products, all of the manipulations were carefully done in the dark. However, even if
kept in the dark, compounds DPP-Fu-S and DPP-Fu-Th-S have proven to be relatively
stable as we obtain the same UV-vis spectra after a few hours. DPP-Th-S, on the other
hand, suffers from a rapid decomposition whether it was kept in the dark or not. As for
the TPD compounds, TPD-Fu-O and TPD-Fu-S are unstable when exposed to air and
light for extended periods of time. It is worth noting that extensive stability tests were
not carried out on over an extended period of time.
We now assess the cause of the instability with the help of the DFT calculations. Ta-
ble 2.III shows the depths of the energy wells according to modification of the dihedral
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angles between the central DPP or TPD central unit and the thiophene or furane side unit
next to it, as illustrated in Figures 2.4 and 2.5. Such a study has previously been done
for molecules to characterize the interaction between the oxygen-sulfur atoms of differ-
ent units.[108] For DPP derivatives (Figure 2.4) the substitution of the oxygen atom by
sulfur in DPP-Th-O (dotted line) leads to nonplanar conformation as the lowest energy
state (dashed line). The substitution of thiophene by a furan ring recovers the planar
conformation as the ground state for DPP-Fu-O and DPP-Fu-S (plain and dotted-dashed
lines, respectively). For TPD derivatives, the substitution of the oxygen atom by sulfur in
TPD-Th-O (dotted line) leads to a molecule that has not been successfully isolated, and,
in this case again, the torsional energy curve indicates a nonplanar conformation for this
molecule (dashed line). The substitution of thiophene by a furan ring leads to two planar
molecules, TPD-Fu-O and TPD-Fu-S (plain and dotted-dashed lines, respectively).
NBO charges shown in Figures 2.6 and 2.7 can help us understand the shapes of
these torsional energy curves, which seems to be governed by interactions between the
side units (thiophene, furan) and the central DPP unit. For the DPP-Th-O and DPP-
Th-S compounds (Figure 2.6), the sulfur atoms of the thiophenes, which are positively
charged, are repelled by the positively charged hydrogens of the side chains. In DPP-Th-
O, a strong attraction between the positively charged hydrogens of the thiophene (0.3 e)
and the negatively charged oxygens of the central unit (-0.6 e) compensates to give a
planar molecule. In DPP-Th-S, which is neither planar nor stable, the charge on the
sulfur is only -0.2 e, which leads to a much smaller attraction with the thiophenes. The
molecular conformation can also be hampered by a steric effect between the sulfur atom
and the thiophene unit next to it. If we substitute the sulfur atoms of the thiophenes by
oxygen atoms to get DPP-Fu-O and DPP-Fu-S (Figure 2.7), the repulsion with the side
chains is transformed into a strong attraction leading to planar and stable molecules, at
least in the dark.
We would like to point out that similar nonplanar molecular conformations due to
sulfur-sulfur interaction have been reported before in bithiophenedicarboxylates,[172]
but light sensitivity was not addressed in that study. On the other hand, another ab ini-
tio study[87] has demonstrated that the C=O bonds are stronger than the C=S bonds,
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Table 2.III: Values of the Dihedral Angle for the Minimum
Energy Configurations (θstable) and Height of the Potential
Well (∆E)† !
compound θstable (deg) ∆E (eV) state
DPP-Th-O 180 0.57 stable
DPP-Th-S 150 0.07 unstable
DPP-Fu-O 180 0.89 stable
DPP-Fu-S 180 0.67 stable
DPP-Fu-Th-O 180 0.98 stable
DPP-Fu-Th-S 180 0.78 stable
TPD-Th-O 180 0.43 stable
TPD-Th-S 150 0.05 unable to isolate
TPD-FU-O 180 0.73 stable
TPD-Fu-S 180 0.57 stable
† The last column presents the experimental stability of the
molecules under dark.
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Figure 4.  Energy as a function of the dihedral angle for the DPP derivatives. The geometries of 
DPP-Th-O for dihedral angles (between atoms 1 to 4) of 0° and 180° are shown on the left and 
right part of the graph, respectively. 
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Figure 2.4: Energy as a function of the dihedral angle for the DPP derivatives. The
geometries of DPP-Th-O for dihedral angles (between atoms 1 through 4) of 0◦ and
180◦ are shown on the left and right part of the graph, respectively.
!
Figure 2.5: Energy as a function of the dihedral angle for the TPD derivatives. The
geometries of TPD-Th-O for dihedral angles (between atoms 1 through 4) of 0◦ and
180◦ are shown on the left and right part of the graph, respectively.
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which can help to explain why some of the thiocarbonyl substitutions are unstable, but
it would not explain why others are stable. It would seem that in the present cases, the
unstable molecules are also those that have a nonplanar conformation. However, this
structural property by itself cannot explain the molecule instability to light exposure.
More elaborate quantum simulations such as the calculations of the excited-state poten-
tial energy surface would be required to fully address the question of light sensibility of
these molecules.
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Figure 6.  NBO charges of DPP-Th molecules before and after the substitution of a carbonyl by a 
thiocarbonyl, in units of the elementary positive charge.  
DPP-Th-O 
DPP-Th-S 
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Figure 2.6: NBO charges of DPP-Th molecules before and after the substitution of a
carbonyl by a thiocarbonyl, in units of the elementary positive charge.
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Figure 7.  NBO charges of DPP-Fu molecules before and after the substitution of a ketone by a 
thioketone, in units of the elementary positive charge.  
DPP-Fu-O 
DPP-Fu-S 
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Figure 2.7: NBO charges of DPP-Fu molecules before and after the substitution of a
ketone by a thioketone, in units of the elementary positive charge.
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2.2.4 Conclusion
In this article, we have reported the preparation and characterization of nine 1,4-
diketopyrrolopyrrole and thienopyrroledione derivatives. Their optical and electronical
properties have been investigated by UV-vis absorption spectroscopy, cyclic voltamme-
try, and DFT and TDDFT calculations. To sum, we have found that the thiocarbonyl
derivatives (DPP-Th-S, DPP-Fu-S, DPP-Fu-Th-S, TPD-Fu-S) show an extended absorp-
tion at lower energy (< 2 eV) due to the red-shift of the absorption band. For the DPP
compounds, an increase of the HOMO by 0.2 eV is observed while the LUMO is rela-
tively unchanged. Theoretical calculations show that the Kohn-Sham energy levels are
not always a reliable guide for the HOMO and LUMO levels as determinated by CV
measurements as they predicted a lowering of the HOMO levels for all compounds with
the thiocarbonyl substitution. A completely different observation can be made for the
TPD thiocarbonyl compound. The HOMO presented only a small increase of 0.15 eV,
while the LUMO level decreased by 0.79 eV. Theoretical Kohn-Sham energy levels cor-
roborate this fact, as they predicted a lowering of the LUMO by 0.87 eV. On the other
hand, DFT and TDDFT calculations accurately predict the effects of the substitution on
the optical gaps. The decrease of the optical gaps has been predicted for DPP-Fu, the
stable DPP compound, with a precision to the tenth of an electronvolt. The value of
this decrease was 0.4 eV for the cyclic voltammetry gap, and 0.5 eV for the optical gap.
The optical gap lowering for the TPD compounds, situated around 0.8-1.0 eV, was also
predicted by theoretical calculations.
Unfortunately, all of the thiocarbonyl compounds reported here show different de-
grees of light sensitivity. The thiocarbonyl derivatives containing furan aromatic sub-
stituents surprisingly appeared to be the most stable. Theoretical calculations show that
stable molecules adopt a planar conformation, whereas the unstable molecules would be
nonplanar. Further calculations will be require to fully address the instability of these
molecules.
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CHAPITRE 3
DYNAMIQUE ÉLECTRONIQUE DU POLYCARBAZOLE
3.1 Mise en contexte
En plus des propriétés électroniques des composantes comme les niveaux électro-
niques et le band gap, il est important de considérer le fonctionnement global d’un pan-
neau solaire. Bien que la quête vers des band gaps de plus en plus petits est nécessaire
pour absorber la lumière autant que les technologies inorganiques existantes, il est utile
de se demander comment les dispositifs organiques doivent évoluer une fois que les
molécules aux propriétés électroniques appropriées seront découvertes.
La différence majeure entre l’efficacité des dispositifs organiques et inorganiques
provient principalement de la présence de pertes empiriquement mesurées lors de la sé-
paration des porteurs de charge chez les organiques. Ces pertes empiriques sont souvent
assumées comme obligatoires à cause du modèle du Scharber, que nous explorerons plus
en détail au Chapitre 4, mais la valeur et l’origine de ces pertes sont très loin de faire
l’unanimité dans la communauté scientifique.[18, 37, 90]
Il est clair que ces pertes ont lieu entre l’absorption de la lumière contribuant à la
création de l’exciton, un processus typiquement situé entre 1,3 et 2,0 eV, et la présence
des polarons à l’interface dont l’énergie est autour de 0,6-1,0 eV.[221] Les processus de
dynamique électronique entre l’état excitonique et l’état polaronique sont particulière-
ment mal compris dans les composants organiques, spécialement dans les polymères.
La technique de femtosecond stimulated Raman spectroscopy (FSRS) est utilisée
pour obtenir des données sur les vibrations d’un composé sur une échelle de temps de
la femtoseconde. Puisque chaque état possède un spectre de vibration très particulier,
l’évolution de ce spectre donne des informations sur l’évolution de l’état de nos porteurs
de charges. Cette technique n’avait encore jamais été utilisée sur un polymère avant cette
étude et est donc cruciale pour démystifier la dynamique électronique.
Les résultats de l’étude expérimentale montrent que la séparation des porteurs a lieu
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sur une échelle de temps plus courte que 300 fs, un processus beaucoup trop rapide qui
contredit plusieurs autres théories de séparation de charge. La compréhension des mé-
canismes derrière ce processus est cruciale pour comprendre et éventuellement éliminer
les pertes énergétiques qui en émanent. Puisque cette étude est sans précédent et touche
un domaine très controversé, la présence de calculs théoriques pour corroborer les don-
nées expérimentales est très utile. De plus, les calculs théoriques permettent de relier les
pics expérimentaux de vibration à leurs mouvements atomiques et ainsi aider à identi-
fier l’état électronique du spectre. Des calculs sur les états excités permettent également
d’expliquer en partie la variation d’intensité de certains pics en considérant l’effet de
réorganisation de la charge dans le polymère.
L’article a été écrit par Françoise Provencher, à l’exception de la Section 3.2.5.3 qui
a été écrite par moi-même. J’ai également obtenu les résultats théoriques de l’article
incluant les calculs de DFT et de TDDFT ainsi que créé les Figures 3.3e et 3.3f ainsi que
I.2, I.10, I.11, I.12, I.13, I.14 et I.15 de l’Annexe I.
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3.2 Direct Observation of Ultrafast Long-range Charge Separation at Poly-
mer:fullerene Heterojunctions
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In polymeric semiconductors, charge carriers are polarons, which means that the excess
charge deforms the molecular structure of the polymer chain that hosts it. This effect
results in distinctive signatures in the vibrational modes of the polymer. We probe
polaron photogeneration dynamics at polymer:fullerene heterojunctions by monitoring
its time-resolved resonance-Raman spectrum following ultrafast photoexcitation. We
conclude that polarons emerge within 300 fs. Surprisingly, further structural evolution
on . 50-ps timescales is modest, indicating that the polymer conformation hosting
nascent polarons is not significantly different from that in equilibrium. This suggests
that charges are free from their mutual Coulomb potential, under which vibrational
dynamics would report charge-pair relaxation. Our work addresses current debates on
the photocarrier generation mechanism at organic semiconductor heterojunctions, and
is, to our knowledge, the first direct probe of molecular conformation dynamics during
this fundamentally important process in these materials.
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3.2.1 Introduction
In photovoltaic diodes based on blends of polymeric semiconductors and fullerene
derivatives, photocurrent generation requires charge separation, with photoinduced elec-
tron transfer as an early step. From a semiconductor perspective, the electronic structure
of the two materials define a type-II heterojunction, providing sufficient driving force
to dissociate highly-bound excitons on the polymer.[53] In spite of important progress
to optimise the solar power conversion efficiency in polymer solar cells, the mechanism
for the evolution from the non-equilibrium primary photoexcitation (the unrelaxed ex-
citon on a polymer chain immediately after light absorption) to photocarriers (unbound
charges) is not resolved and is currently the subject of vivid debate.[174] Earlier studies
of all-polymer donor:acceptor blends by Morteani et al. concluded that an intermediate
step between intrachain excitons and free charges is charge separation into Coulomb-
bound electron-hole pairs,[157] which we will refer to as charge-tranfer states (CT),
emphasising that the electron and hole are mutually bound across the interface. After
this initial step, the CT state can either branch directly to free charges or relax to an
excitonic state bound at the interface between the donor and acceptor materials, a state
termed charge-transfer excitons (CTX). Others also reported this branching behaviour in
polymer:fullerene blends.[13, 88] Later reports indicated that initial charge separation to
CT states occurs on ≤ 100-fs timescales.[82, 212] Furthermore, Jailaubekov et al. con-
cluded that at molecular-semiconductor heterojunctions, CT states must produce pho-
tocarriers on timescales faster than ∼ 1 ps if this process is to be competitive against
relaxation to the CTX state,[109] as the binding energy of CTX is typically ∼ 10kBT at
room temperature,[77, 89] rendering photocarrier generation from those states energet-
ically unlikely in principle. Nevertheless, these relaxed CTX can be ‘pushed’ with an
infrared optical pulse resonant with an intraband polaronic optical transition to promote
them to a delocalised, near-conduction-edge state that can then dissociate into charge
carriers, thus enhancing photocurrent.[12] However, Lee et al.[135] and more recently
Vandewal et al.[219] have argued that relaxed CTX states, when excited directly, are in
fact the photocurrent precursors in many if not most polymer:fullerene systems. The
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contemporary literature therefore reflects disagreement on whether rapid dissociation of
non-equilibrium intrachain excitons or charge-transfer excitons is a significant pathway
towards photocurrent generation in polymer diodes.
The seemingly conflicting scenarios are all based on probing population dynamics
by time-resolved spectroscopies, or directly probing photocurrent internal quantum ef-
ficiency spectra in conjunction with steady-state absorption and luminescence measure-
ments, both of which provide limited direct mechanistic insight into photocarrier gen-
eration dynamics. In this work, we exploit an ultrafast optical probe that is simulta-
neously sensitive to molecular-structure and electronic-population (excitons, polarons)
dynamics. It is therefore an intricate probe of charge photogeneration dynamics since
charges in polymeric semiconductors are polaronic, in which the charge distorts the poly-
mer backbone surrounding it, producing unambiguous molecular vibrational signatures.
Although ultrafast solvatochromism-assisted vibrational spectroscopy has been used to
study charge dynamics in fullerene aggregates,[170] our work is to our knowledge the
first direct time-resolved vibrational probe of polaron formation dynamics on polymers
at polymer:fullerene heterojunctions.
We find that by optical excitation of the lowest (pi,pi∗) optical transition in the poly-
mer, clear polaronic signatures are present within the early-time evolution of the pho-
toexcitation, on . 300-fs timescales, in a benchmark polymer:fullerene blend. Surpris-
ingly, we observe limited vibrational relaxation following this ultrafast process, indicat-
ing little structural changes occuring on time windows spanning up to 50 ps, which we
interpret as indicative of holes on the polymer that are sufficiently far from their electron
counterparts such that they are free of their Coulomb potential. Our results suggest that
in this system, which produces amongst the highest efficiency solar cells, intermediate
charge-transfer states (Coulomb-bound electron-hole) pairs are not prerequisite species
for photocarriers. Moreover, because vibrational signatures of polarons emerge at a
faster rate than exciton relaxation by at least one order of magnitude, we conclude that
ultrafast dissociation of non-equilibrium photoexcitations is a significant process in this
system.
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3.2.2 Results
We implement femtosecond stimulated Raman spectroscopy (FSRS) to characterise
the molecular structural dynamics in a model semiconductor copolymer used in effi-
cient solar cells during charge transfer to a fullerene acceptor in the solid state.[150]
FSRS measures the transient resonance stimulated Raman spectrum of the photoex-
cited species by preparing the polymer in its excited state with a short actinic pulse
(∼ 50 fs, 560 nm), and then probing the evolution of the stimulated Raman spectrum
with a pair of pulses: a Raman pump pulse resonant with a photoinduced absorption
of interest (1.5 ps, 900 nm) and a short (∼ 50 fs) broadband probe pulse to generate
the excited-state stimulated Raman spectrum of the transient species at various delay
times between the actinic and Raman-pump/probe pulses. FSRS thus permits mea-
surement of the time-resolved, excited-state resonance-Raman spectrum with ultrafast
time resolution. We collect concomitantly transient absorption spectra by monitoring
the differential transmission of the broadband probe pulse induced by the actinic pulse
(i.e. by measuring the signal without the Raman pump pulse). In our studies, we ap-
ply this technique on poly(N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-
2′,1′,3′-benzothiadiazole) (PCDTBT, see Figure 3.1a), which is a carefully engineered
‘push-pull’ material system for solar cells, with reported solar power conversion effi-
ciency of 6[167] – 7.2%,[207] unusually high internal quantum efficiency approaching
100%,[167] and reported ultrafast charge separation in fullerene blends,[64, 212] such as
fullerene derivative [6,6]-phenyl-C61 butyric acid methyl ester (PCBM, see Figure 3.1a).
Unequivocal identification of polarons in PCDTBT (see Figure 3.1a) requires knowl-
edge of the spectral signatures of its cations. To measure them, we oxidised a neat
polymer film, that is a film composed only of the polymer donor material, with FeCl3,
which is known to dope polycarbazoles.[11] The ground-state absorption spectrum of the
doped film (Figure 3.1b) features a low-energy absorption band centred around 1.7 eV,
which has been assigned to cations in previous doping studies.[11] This absorption band
in the doped film corresponds to the ‘interband’ polaronic transition.[230] It matches
closely the transient absorption band of the PCDTBT:PCBM blend in the 1.2–2.0-eV
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Figure 3.1: Steady-state absorption, transient absorption, and Raman spectra of
films of neat PCDTBT and PCDTBT:PCBM. (a) Structure of PCDTBT (left) and
PCBM (right). (b) Absorption spectra of neat PCDTBT (blue), PCDTBT:PCBM (pink)
and doped PCDTBT (grey) films. (c) Transient absorption spectra of the same samples
as in part (a). (d) Resonance Raman spectra of the same samples as in part (a). The
wavelength of the actinic (the femtosecond pump) and Raman (picosecond pump) pulses
are indicated by vertical lines in part (b).
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region (Figure 3.1c), which reinforces previous assignment of this photoinduced absorp-
tion band to polarons.[64, 212] Excitation of the doped PCDTBT film within the low-
energy band at 830 nm (1.49 eV) provides thus the resonance-Raman spectrum of the
polaron (Figure 3.1d, grey), which is the vibrational fingerprint of that photoexcitation
on PCDTBT. Figure 3.1d also shows the resonance-Raman spectra of neat PCDTBT and
PCDTBT:PCBM, excited at 514 nm (2.30 eV). To aid with assignment of these peaks,
we have calculated Raman frequencies of the ground, excited and cationic states of the
PCDTBT dimer in vacuum using density-functional theory (DFT) and time-dependent
density-functional theory (TDDFT) utilizing the B3LYP functional. We then identified
the modes of the measured Raman peaks by comparing them to the frequency and inten-
sity of the bands in the theoretical Raman spectrum (see Figure I.2 of Section I) and to
a published resonance-Raman study of PCDTBT.[180] These assignments are summa-
rized in Tables 3.2.2 and 3.2.2.
The difference in intensities of the cation resonance-Raman spectrum with respect to
that of the pristine (as-cast) film, consisting of neutral polymer chains, reveal differences
in the geometric distortion between the ground and the resonant-electronic states along
the normal coordinate for each mode. In particular, the Raman spectrum on resonance
with the polaronic transition shows a marked enhancement of bands corresponding to
carbazole and thiophene local modes between 1000 and 1200 cm−1, as well as in ben-
zothiadiazole and carbazole bands at 1268 and 1349 cm−1, which are more delocalised
(see Figure I.3 of Section I). This is consistent with the electronic density shift between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the charged polymer, which affects mainly the carbazole and the
thiophene units (see Figure I.10 in Section I). On the other hand, the resonance-Raman
spectra of PCDTBT and PCDTBT:PCBM exhibit strong enhancement of modes predom-
inantly involving motion of the benzothiadiazole unit at 1370 cm−1 and 1540 cm−1. This
is consistent with the electronic density shift between the HOMO and the LUMO of the
neutral polymer, which involves the localisation of the wavefunction on the thiophene–
benzothiadiazole–thiophene unit (see Figure I.15 in Section I).
The temporal evolution of the FSRS spectrum of a PCDTBT:PCBM film is illus-
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Spontaneous 0.5 ps 100 ps DFT TDDFT Qualitative assignment
pristine pristine pristine ground state excited state
(cm−1) (cm−1) (cm−1) (cm−1) (cm−1)
1062 1057 1067 1096 1082 L : Th CH ip δ + νC=C
1135 1124 1122 1153 1152 L: Cz CH ip δ + ring def.
1205 — — 1231 1238 L : BT +Th CH ip δ , BT ring def.
1270 1260 1256* 1325+1327 1319+1308 D: BT νC−N + νC=C+ CH ip δ ,
Cz +Th CH ip δ + νC=C
1348 — — 1384 1377 D: BT+ Th CH δ , Cz+ BT νC−C
1370 — — 1405 1416 D : BT + Th + Cz νC=C + CH ip δ ,
Cz νC−N
1444 1423 1429 1471+1485 1470 L: Cz, Th νC=C + CH ip δ , Cz νC−N
1490 1473 1457 1522+1527 1521 L: Cz sym. νC=C, CH ip δ
— 1508 — 1543 1540 L : Cz asym. νC=C, CH ip δ
1525 — — 1569 1563 L: Cz asym. νC=C+ CH ip δ + νC−N
1540 — — 1570+1572 1560+1556 L: BT + Th sym. νC=C, CH ip δ
1570 1571 1555 1605 1590 L: Cz νC=C + CH ip δ
1622 1608 1612 1664 1638 L: Cz νC=C + CH ip δ
Table 3.I: Neat and pristine (undoped, as cast) PCDTBT film spontaneous Raman and
FSRS shifts. Mode abbreviations: ip = in plane, νa−b = stretch of a—b bond, δ = bend,
sym. = symmetric, asym. = asymmetric, def. = deformation, BT: benzothiadiazole, Cz:
carbazole, Th: thiophene, L: localised, D: delocalised. *The peak at 1256 cm−1 is asym-
metric (See Figure I.13 in Section I for vector graphics of the vibrational modes.)
Spontaneous 0.5 ps 100 ps DFT Qualitative assignment
doped blend blend cation
(cm−1) (cm−1) (cm−1) (cm−1)
1064 1083 1083 1104 L: Th CH ip δ + νC=C
1130 1129 1146 1153 L: Cz CH ip δ + νC=C
1200 1192 1190* 1182 L: Cz CH ip δ
1268 1262 1260 1303 D: BT νC−N + CH ip δ + νC=C, Cz +Th CH ip δ
1334 — — 1344 L: Cz ring deformation, Cz + Th CH ip δ
1349 1357 1354 1371 D: Cz + BT νC=C + CH ip δ
1371 — — 1397 D: BT + Cz + Th νC=C
1442 1429 1434 1464 L: Th νC=C, Cz νC−N + νC=C + CH ip δ
1522 1513 1513** 1540+1547 L: Cz+Th asym. ring deformation, + CH ip δ
1538 — — 1560 L: BT sym. νC−C + CH ip δ , Th. asym. νC=C,
CH ip δ
1620 — — 1648 L: Cz sym. ring deformation + ip CH δ
Table 3.II: Doped PCDTBT film spontaneous resonance Raman at 830 nm (resonant
with a positive polaron optical transition) and PCDTBT:PCBM (as-cast) film transient
Raman shifts. Mode abbreviations: ip = in plane, νa−b = stretch of a—b bond, δ = bend,
sym. = symmetric, asym = asymmetric, BT: benzothiadiazole, Cz: carbazole, Th: thio-
phene, L: localised,D: delocalised. *1190 cm−1 at 20 ps, **1513 cm−1 at 50 ps. (See
Figure I.14 in Section I for vector graphics of the vibrational modes.)
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Figure 3.2: Excited-state transient resonance-Raman spectra of PCDTBT:PCBM
and neat PCDTBT. Shown are femtosecond stimulated Raman spectra of (a, b)
PCDTBT:PCBM and (c) neat PCDTBT films to illustrate structural relaxation over a
100-ps time window. Spontaneous resonance Raman of doped PCDTBT (green) is also
shown in parts (a) for comparison.
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trated in Figures 3.2a and 3.2b (see Figure I.8 and I.9 of Section I for FSRS spectra
at all recorded time delays). We use a Raman pump pulse at 900 nm (1.38 eV) to be
on resonance with the low-energy part of the polaron optical absorption spectrum, and
thus these figures represent the temporal evolution of the stimulated resonance-Raman
spectrum of the photoinduced polarons in PCDTBT:PCBM heterojunctions. We note
the striking similarity of the transient FSRS spectra with the steady-state, spontaneous
resonance-Raman spectrum of the doped PCDTBT film, confirming that we are prob-
ing hole polarons directly on the PCDTBT backbone. The characteristic bands of this
polaronic signature readily follow the ultrashort actinic pulse (see also Figure I.1 of Sec-
tion I), in particular the 1357 cm−1 band that is absent from the FSRS neat-PCDTBT
spectrum at any delay time (see Figure 3.2c) and the 1260 cm−1 band that is present in
the FSRS neat-PCDTBT spectrum with a low intensity.
The nature and timescale of molecular changes that FSRS is able to follow has been
the subject of a recent comment by Mukamel and Biggs suggesting that the FSRS spec-
tra at very early times may not truly represent vibrational spectra but rather a capturing
of polarisation changes within the molecule following photoexcitation as at these early
times the system may not be yet equilibrated to establish its vibrational modes.[160]
However, the FSRS signal does not represent the instantaneous frequencies present at
the sample only at the moment the probe pulse (the white-light) arrives to initiate a vibra-
tional coherence upon interaction with the Raman pump, but the vibrational frequencies
that develop over the vibrational dephasing time.[149] The ability of FSRS to capture
frequency changes occurring on timescales faster than the dephasing time is due to the
heterodyned detection system, where interference of the two optical fields causes neg-
ative signals, leading to ‘derivative’ type spectral features. These can be deconvoluted
to reveal time-dependent molecular frequencies as in the case of rhodopsin recently car-
ried out by McCamant.[149] There, an analysis of the early time FSRS line shapes and
the spectral kinetics of the C10 hydrogen-out-of-plane (HOOP) mode during the ultra-
fast isomerisation of rhodopsincorrelated the early (< 1 ps) line shapes with frequency
changes during the Raman vibrational free induction decay showing the HOOP mode
relaxing with a 140-fs decay time.
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Now, in the case of a molecule in which the vibrational frequencies do not change
during the dephasing of the vibration, the time resolution can be instrument limited,[74]
here 200 fs. Our FSRS observations at very early subpicosecond times following exci-
tation represent the changing molecular system undergoing initial free induction decay
following photoexciation but here the fact we observe Raman spectra that do not change
from such early times and are extremely similar to those of the product states has to be
taken as evidence that we are observing a molecular state that is representative of the
product state. Thus, the molecular dynamics leading to the formation of the cation can
be followed via changes in femtosecond Raman spectra that occur during its formation.
At very early times, as coherences between the optically applied field and the molecular
eigenstates are lost due to both electronic and nuclear changes, the FSRS spectra show
‘derivative’ line shapes are portrayed in our FSRS spectra only at the earliest time de-
lay, indicating that free-induction decay following the electronic excitation and charge
transfer is extremely rapid.
The fact that we see clear signals of the cation forming at early times confirms
the charge transfer reaction is occurring well within the few-hundred-femtosecond
timescale. This structurally sensitive measurement thus establishes unambiguously that
polarons in PCDTBT:PCBM blends are created over one order of magnitude faster than
transfer of electronic density in the neat polymer film (see below).
The structural distortion imposed on the polymer through the generation of the radi-
cal cation can be characterized through the frequency shifts in the FSRS bands in the
spectrum of the blend film. A significant upshift of ∼20 cm−1 is observed for the
1064 cm−1 mode involving the thiophene C—H bend and C=C stretch, implying an in-
crease in bond order of the latter bond associated with the transition to a quinoidal state.
This is supported by the 13 cm−1 decrease in the frequency of the 1444 cm−1 band asso-
ciated with the other two C=C bonds in thiophene, as well as increase in the frequency of
C=C stretching carbazole modes, demonstrating the alternation of single double bonds.
Whilst the differences in the Raman spectrum between the ground and excited states re-
flect differences in structure between the ground and excited electronic states, the small
changes in the Raman spectrum of the excited state observed as a function of time in-
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dicate that any structural changes occurring during electronic and vibrational relaxation
are small.
Indeed, the overall shape of the FSRS spectrum of PCDTBT:PCBM at < 500-fs
timescales is essentially constant and decays with the population dynamics (see Fig-
ure 3.3a and Section I Figure I.1), with the exception of the carbazole mode at 1513 cm−1
whose dynamics will be discussed later in this article. Since the spectral signature of po-
larons emerges in the relaxed structure form at timescales earlier than what we would
expect from structural reorganisation, this hints that the conformation of the polymer
emerging from the Franck-Condon region is already close to the relaxed hole conforma-
tion.
Having established that polarons appear on ultrafast timescales in PCDTBT:PCBM
blends, we address whether they are readily observable in the neat polymer as well.
The FSRS spectra of neat PCDTBT, reported in Figure 3.2c, do not display polaronic
signatures, excluding that species as a direct photoexcitation on the neat polymer on
timescales shorter than 100 ps. In particular, the 1357 cm−1 band is absent, and the rel-
ative intensity of the 1260 cm−1 band with respect to the 1429 cm−1 band is at least
four times lower at 0.5 ps. As the excitation decays, we do not observe the rise of
the characteristic 1367 cm−1 band, indicating that there is no conversion of the initial
excitation into polarons at later times. Therefore, polarons are not a dominant pri-
mary photoexcitation in neat PCDTBT. We thus assign the observed FSRS spectra in
the neat PCDTBT film to intrachain singlet exciton as the primary photoexcitation. In-
deed, Etzold et al. assigned the photoinduced transient absorption band in neat PCDTBT,
centred at the energy we use for our Raman pump (1.38 eV), to singlet excitons,[64]
while triplets were argued to form on timescales much longer than those explored in the
present experiment.[180] In addition, the calculated exciton Raman spectral line shape
in PCDTBT from our TDDFT calculations is in remarkable agreement with the experi-
mental data (see Figure I.2 of Section I), which further supports our assignments.
These direct structural measurements have important implications on our under-
standing of ‘push-pull’ co-polymers, which comprise electron-rich and electron-poor
moieties within the polymer repeat unit. Indeed, a hypothesis to rationalise the gener-
44
ally high solar power-conversion efficiency of this class of co-polymers would be that
they readily form loosely-bound polaron-pairs upon photoexcitation, without the aid of
a fullerene acceptor.[210, 230] The evidence presented here in favour of the singlet exci-
ton contradict this hypothesis. We underline that according to our calculations and other
work,[16, 180] the singlet exciton exhibits some degree of charge-transfer-like charac-
ter. However, we insist that this picture is distinct from the loosely bound polaron pairs
hypothetised for similar ‘push-pull’ co-polymers as noted above.
The evolution of the FSRS spectral line shape in neat PCDTBT is complex, but is
consistent with transfer of electron density to the acceptor unit on the polymer (TBT) on
a picosecond timescale. To appreciate the evolution of individual modes, we extract their
kinetics by fitting FSRS peaks with a Gaussian curve and report their area as a function of
time on Figure 3.3c, comparing them with population dynamics extracted from transient
absorption measurements probed at 1.2 eV (1035 nm). The most intense FSRS peak
at 1429 cm−1, comprising mainly thiophene C=C stretching and carbazole C—N—C
bending/C—C stretching, follows the exciton population dynamics after 1 ps. However,
other bands deviate significantly from population dynamics. Specifically, the 1507-cm−1
peak decays to 25% of its initial intensity within 3 ps, while the 1260-cm−1 band grows
on a similar timescale. The 1507-cm−1 band is a carbazole mode not visible in the
ground state of neutral PCDTBT. However, our TDDFT calculations reveal that coupling
with neighbouring thiophenes activates this mode. The 1260-cm−1 band is a delocalised
mode characterised by C—H in-plane bending and C=C stretching in the BT phenyl
ring along with C—N stretching in the thiadiazole ring in addition to carbazole and
thiophene motion, and hence is sensitive to changes in electronic density on the acceptor
unit. A slow increase in intensity is also observed in other modes, such as the 1057 cm−1
thiophene C—H bending mode. The evidence provided by FSRS thus helps draw a
picture of the exciton evolution following photoexcitation to the Franck-Condon region,
where the wavefunction is initially delocalized along the polymer chain.[14] The rapid
decay of the 1507-cm−1 mode indicates that initial enhancement is lost either due to the
loss of coupling as predicted by the TDDFT calculations and/or changes to the Raman
cross section upon shifting of electron density from carbazole to the benzothiadazole
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Figure 3.3: Comparison of femtosecond stimulated Raman and transient absorption
dynamics. Shown are the dynamics of the stimulated Raman peak areas (extracted by
Gaussian curve fit) and the excited species population in (a) PCDTBT:PCBM and (c)
PCDTBT films. The analyzed FSRS peaks for the neat material and the blend, along
with the symbol key for the time-resolved data shown in panels (a) and (c), are shown
in panels (b) and (d), respectively. The data are normalised at 4 ps for panel (a) and at
0.6 ps in panel (c). The dotted lines in panels (a) and (c) are meant as a guide to the eye.
Vector diagrams showing vibrational motion associated with the corresponding analysed
peaks in a dimer of PCDTBT, determined by ab-initio calculations, are displayed for the
cation (e) and the neutral molecule (f). Animations of those vibrational modes can be
viewed as supplementary information on the Nature Communications website.
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acceptor. This shift in electronic density is evidenced by the growing intensity of the
1260-cm−1 band.
Transfer of the electronic density to the benzothiadiazole and thiophenes on a few-
picosecond timescale is consistent with the calculated localisation of the electronic den-
sity in the LUMO (see Figure I.15 of Section I), and is in general agreement with the 1–
10-ps timescale reported for exciton dynamics in conjugated polymers.[57, 123] There-
fore, the rich dynamics that develop in this excitonic system probed by FSRS reflect the
dynamics of electron density flow in the polymer on a much slower timescale than the
observed charge separation process in the blend system.
We now return to a discussion of the FSRS dynamics displayed in Figures 3.2a
and 3.2b, in which we had pointed out that the overall shape of the FSRS spectrum
of PCDTBT:PCBM at early times is comparable to that of the relaxed structure (100 ps
and beyond) and decays with the population dynamics (see Figure 3.3a and Section I
Figures I.1 and I.4).
As noted above, the only rapid FSRS dynamics that we observe involve the decay of
the mode at 1513 cm−1. In fact, the 1200 cm−1 mode displays similar behaviour, though
its modest intensity makes quantitative analysis challenging. Interestingly, what these
two modes have in common is that their band intensity depends on the extent of the
coupling between carbazole and its neighbouring thiophene.
We can rationalise the decay dynamics of these modes by a dynamic decoupling of
carbazole and thiophene, possibly arising from evolution of the dihedral angle between
these moieties. We also note that although the 1513-cm−1 mode decays rapidly, this
decay is slower in the blend than for the 1507 cm−1 mode in the neat film (Figure 3.2c).
This suggests that the mechanism in the blend is distinct from the excitonic behaviour in
the neat film.
Insight on the significance of those dynamics can be gained by considering previous
work by Pensack et al. focusing on a carboxyl spectator mode in PCBM using ultra-
fast solvatochromism assisted vibrational spectroscopy.[170] These authors proposed
that vibrational energy originally in Franck-Condon active modes in a polymer:PCBM
electron transfer reaction redistributes on a few-picosecond timescale into a distribu-
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tion of vibrational modes including those involved in electron transport between PCBM
molecules.[170] We speculate that the rapid relaxation of the 1513 cm−1 mode could be
related to mobile hole polarons as they move away from the interface.
In contrast to the modest relaxation of the polymer backbone in the presence of
nascent hole-polarons, the overall spectral shape of the FSRS spectrum of neat PCDTBT,
hosting excitons as the dominant photoexcitation, evolves continuously during the first
100 ps after photoexcitation and probably beyond, which indicates that after the initial
fast electron-density redistribution, a slower structural relaxation takes place. This indi-
cation would explain fluorescence up-conversion measurements on PCDTBT thin films,
which show that the photoluminescence spectrum red shifts to its relaxed state within
200 ps.[15] In particular, we observe red-shifting of the 1260 and 1471-cm−1 bands that
correspond to benzothiadazole and carbazole motion likely due to change in the bond
order of the backbone in the thiophene-benzothiadiazole-thiophene unit, and shift of the
electron density from the carbazole to the acceptor moiety, lengthening thus the car-
bazole C—C bonds (see Figure I.15 of Section I). On the other hand, the 1429-cm−1
thiophene and carbazole band blue-shifts significantly between 50 and 100 ps, reflect-
ing structural reorganisation accompanied by vibrational relaxation on those timescales,
involving possibly dihedral angle changes between the two units.
3.2.3 Discussion
The two key observations presented in this paper are that (i) in PCDTBT:PCBM,
ultrafast charge transfer happens prior to exciton relaxation dynamics on the few-
picosecond timescale, as determined by the emergence of polaron resonance-Raman
signatures on PCDTBT on timescales well within a few hundred femtoseconds; (ii) once
formed on sub-picosecond timescales, polaron resonance-Raman signatures do not un-
dergo significant spectral shifts or changes in linewidth during the first 50 ps.
Result (i) is strongly indicative that electron transfer occurs before exciton relax-
ation following photoexcitation of PCDTBT blended with PCBM. We consider the na-
ture of this prompt charge separated excitation — Coulomb-bound electron-hole pair
versus unbound charges with correspondingly large separation — by comparing to pre-
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vious Raman studies on charge separation in solution as follows. In a previous FSRS
study employed to follow the charge separation process of a non-covalent charge trans-
fer complex in solution, Fujisawa et al. observed that the frequencies of Raman modes
remained constant throughout the process, and concluded that the Franck-Condon state
had significant charge separated character,[75] which is a very similar scenario as pre-
sented here. Earlier work by Vauthey et al. utilised time-resolved resonance-Raman
spectroscopy with nanosecond resolution to follow the separation of a geminate ion pair
into free ions in solution, and the authors distinguished between loosely-bound charge
pairs and separated ions invoking changes in the band frequencies.[220] We thus expect
that the FSRS spectrum of PCDTBT:PCBM is a very sensitive probe of the nature of
the charged photoexcitation following initial charge separation and conclude that po-
larons, not charge-transfer excitons, are the photoproduct of such rapid dynamics, as
we do not observe the dynamic signatures of separation of geminate pairs as observed
by Vauthey et al. This implies that the corresponding electron on a PCBM phase, not
detected by our FSRS measurements, must be separated over a sufficiently large dis-
tance on average in order for the polaron on the polymer backbone to not evolve under
the resulting Coulomb potential on subnanosecond timescales, as evolution within such
potential would result in evolution of the FSRS spectral line shape. In the dielectric envi-
ronment defined by this class of materials, this separation must be in the order of several
nanometers. In fact, Gélinas et al. have analysed signatures of a transient Stark effect in
the photobleach component of a transient absorption measurement in molecular donor
blends with PCBM, and have concluded that over ∼ 40 fs the average electron-hole sep-
aration evolves to several nanometers,[78] supporting our conclusion. Such rapid, long-
range charge transfer can be rationalised by exciton delocalisation phenomena,[14, 159]
which can generally persist over sufficiently long timescales to play a role in the charge
separation dynamics of interest in this work.
Understanding the mechanism of ultrafast charge separation is important, as it was
demonstrated that even when electronic alignments are unfavourable to charge separa-
tion (e.g. in the presence of triplets), ultrafast kinetics can dominate and lead to very high
internal quantum efficiencies.[190] Golden-rule formalisms applied to molecular elec-
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tron transfer between localised asymptotic states cannot generally describe such rapid
dynamics; however, when formulated in a delocalised basis set, such rapid dynamics can
be readily described.[240] Another possible mechanism under which ultrafast electron
transfer can occur is bath-induced coupling of asymptotic eigenstates of the system.[29]
In this mechanism, the vertical, non-equilibrium exciton state transfers by resonant tun-
nelling to a delocalised charge-transfer state induced by a dynamic coupling due to com-
mon zero-point fluctuations within a vibrational noise spectrum of the system. Indeed,
such spectacularly rapid charge separation points strongly to quantum coherence dy-
namics which are correlated to the dynamics of the molecular lattice,[186] and has been
argued to play a key role in energy transfer dynamics in biological systems.[192] Either
of these two mechanisms permit exciton separation over timescales that are much shorter
than those in which a Marcus-theory description of ultrafast electron transfer is valid.
Observation (ii) concerning the limited evolution of the Raman spectrum after po-
laron formation is surprising, since polaronic relaxation following ultrafast charge trans-
fer is generally expected in these polymers composed of such complex repeat units.
We observe clearly from the change in the excited state frequencies compared to the
ground state that the polymer structure changes upon polaron formation within 300 fs
in PCDTBT:PCBM, but the subsequent structural evolution over 50 ps is very modest,
which implies once more that the nascent hole is sufficiently far from the electron coun-
terpart such that they are free from their mutual Coulomb potential. If the charge pair
was Coulomb-bound, we would expect evolution of the polaron vibrational signatures
as the two charges relax within their attractive potential. Similar to our findings, another
FSRS study concerning a coumarin:TiO2 system also observed the absence of significant
reorganisation after charge formation.[73] Rapid charge separation is expected in that or-
ganic:inorganic hybrid system, since electron injection occurs into delocalised states in
a conduction band of the inorganic nanostructure. The remaining positive charge on the
dye therefore does not evolve under the influence of the electron potential. It is sur-
prising that this seems to occur in PCDTBT:PCBM as well, given that such delocalised
states in acceptor molecular aggregates are not expected a priori. These modes, that do
not evolve after the initial charge transfer, are sensitive to the structure of the polymer, as
50
exemplified by the frequency shifts of the modes between the ground and the polaronic
state, which is of quinoidal structure, and also exemplified by the dynamics of the fre-
quency shift of the main FSRS band in different solvents (see Figure I.16 of Section I).
Regarding the modest structural evolution on the polymer, we note that Österbacka et al.
concluded that an increase in polymer chain stiffness is related to a smaller polaron re-
laxation energy.[165] In a different vein, Coffey et al. have suggested that a key route
for improving future excitonic solar cells might be to reduce the reorganisation energy
inherent to photoinduced electron transfer.[54] Indeed, we propose that correlating re-
organisation dynamics with macroscopic optoelectronic parameters will enable a funda-
mental understanding of the critical factors that lead to efficient photovoltaic systems at
a molecular level. The modest polaron relaxation in PCDTBT:PCBM is an intriguing
result, and one that opens a new door to understanding of the differences between mate-
rial systems that produce efficient solar cells and those that should but do not perform as
well, even if they obey the same ‘rational design’ principles based on empirical design
rules relating device parameters (e.g. open-circuit voltage, short-circuit photocurrent) to
materials properties (e.g. absorption spectral range, reduction potentials with respect to
PCBM, etc.).
Finally, we discuss that observations (i) and (ii) indicate the possibility of parallel
pathways for polaron formation in organic solar cells, as was also highlighted in the
literature for P3HT:PCBM. Sheng et al. demonstrated that polarons in P3HT:PCBM
are created through two different channels: a direct, ultrafast one-step process and a
slower, two-step process involving the creation and the dissociation of charge-transfer
states,[195] but Aryanpour et al. applied a Coulomb-correlated Hamiltonian to find
that fully-separated charge-pairs are not a direct photoexcitation in polymer:fullerence
heterojunction.[7] These two works would suggest that in some systems the rapid charge
separation dynamics argued here are not observed. However, Gao and Grey inferred
that the dephasing of the vibronic coherence on ultrafast timescales does not depend
on PCBM loading ratio in regiorandom P3HT:PCBM,[76] indicating that ultrafast cou-
pling to charge-transfer states is not significant. Therefore, because photocarriers are
generated with high yield in that system, there must be a direct mechanism for their
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generation that must bypass charge-transfer intermediates. Similarly, the present work
points strongly to direct photogeneration (i.e. no CT intermediate) of unbound po-
larons in PCDTBT:PCBM, although it is also clear that CTX must form eventually
in this system since in a previous publication we observed geminate recombination
through CTX emission on nanosecond to microsecond timescales.[175] We note from
this work, however, that the direct polaron generation mechanism is operative on ultra-
fast timescales in PCDTBT:PCBM, with no forthright evidence of early involvement of
intermediate charge-transfer states, while both channels may contribute to photocurrent
in P3HT:PCBM. The degree of importance of the charge-transfer-state-mediated mech-
anism appears to be highly system dependent.
In ultrafast pump-push photocurrent measurements in polymer:PCBM photodiodes,
Bakulin et al. pumped the polymer with femtosecond pulses and then ‘pushed’ any
Coulomb-bound charge pairs across the heterojunction with mid-infrared pulses reso-
nant with sub-gap polaronic transitions.[12] This promoted the charge pairs towards a
delocalised state in which the charge pair could overcome their Coulomb binding and
produce additional photocurrent. The degree to which Coulomb-bound charge pairs
form following initial charge separation correlated with the degree to which additional
photocurrent could be produced by pushing charges away from each other. Intriguingly,
no additional photocurrent could be gained by application of the infrared push pulse in
PCDTBT:PC70BM. This implies that a direct photocarrier mechanism is favoured in this
system, which is in agreement with our conclusions that are based on a direct structural
probe of polarons.
If direct photocarrier generation is dominant in PCDTBT:PCBM and related efficient
polymer systems,[82] avoiding the two-step process as is found in P3HT:PCBM[195]
might be key in driving up efficiencies in solar cells by avoiding highly-bound CTX
states,[77] even if it is the case that these states are photocurrent precursors.[219] The
conclusion that relaxation to bound charge pairs is limited in PCDTBT blends is the key
observation that must be understood in order to better engineer polymers for solar-cell
applications.
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3.2.4 Conclusion
We have implemented stimulated Raman spectroscopy on thin films of a
photovoltaic-relevant polymer:fullerene heterostructure to reveal the structural dynam-
ics of the polymer after photoexcitation, and assign the molecular origin of the observed
features in transient absorption[212] and time-resolved photoluminescence[15] spectro-
scopies. Upon absorption in the lowest (pi , pi∗) band at 2.21 eV (560 nm), ultrafast charge
generation occurs within 200 fs to form a hole polaron on the polymer. The charge sep-
aration takes place before exciton localisation (within 3 ps) in the neat film, while the
exciton is far from vibrational equilibrium. Furthermore, vibrational relaxation of the
resulting polaron on the polymer is modest over the first 100 ps, which suggests that the
hole is free from the Coulomb potential that the twin negative charge would impart. This
mechanistic insight is key for future optimization of the efficiency of polymer:fullerene
based solar cells as it provides a window into the relationship between electronic dy-
namics and those of the polymer lattice involved in the conversion of excitons to pho-
tocarriers, which is of key importance for fundamental mechanistic understanding with
molecular detail. Moreover, these conclusions are generally important in molecular pho-
toexcitation because virtually every photochemical, photophysical, or spectroscopic pro-
cess in molecular materials involves coupled dynamics of electrons and the structure.
3.2.5 Methods
3.2.5.1 Sample preparation.
PCDTBT (Mn = 13,000 kg/mol; Mw = 30,000 kg/mol; PDI = 2.3) was synthe-
sised by Serge Beaupré in the group of Mario Leclerc at Université Laval as described
elsewhere[30] and used as received. PCBM was purchased from Solenne (PCBM60,
99.5%, lot 15-05-12) and used as received. Thin films were wire-bar-coated at 100◦C
on sapphire substrates (UQG Optics, 15-mm diameter, 1-mm thickness) using a bar with
a channel width of 0.05 mm from solutions in 1,2-dichlorobenzene (HPLC grade, Alfa
Aesar) of neat PCDTBT at a concentration of 8 mg/mL and PCDTBT:PCBM in a ratio
of 1:4 at a concentration of 8 mg of polymer for 32 mg of PCBM in 1 mL. The poly-
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mer concentration was kept constant constant to preserve the required viscosity of the
solutions to make the films. Morphologicial studies including X-ray, optical and thermal
experiments on this material system can be found in Section I, see Figure I.5 and I.6.
3.2.5.2 Spectroscopic methods.
Steady-state spontaneous Raman spectra were acquired with a Raman microscope
(Renishaw inVia) with either 830 or 514-nm excitation. Femtosecond stimulated Raman
spectroscopy (FSRS) was performed at the Central Laser Facility of the Rutherford-
Appleton Laboratory using the ULTRA setup, a 10-kHz synchronized dual-arm fem-
tosecond and picosecond laser system described elsewhere.[84] FSRS requires the gen-
eration of three pulses: the actinic pulse (560 nm, ∼ 50 fs), the Raman pulse (900 nm,
1.5 ps) and the broadband probe pulse (∼ 50 fs), which yields an experimental time res-
olution of ∼ 70 fs. These were generated using two custom titanium-sapphire amplifiers
(Thales Laser) seeded from a single oscillator (20 fs, Femtolasers) to create synchronised
femtosecond and picosecond outputs after compression, respectively. The femtosecond
beam was split into two: one femtosecond beam pumped an optical parametric amplifier
(Light Conversion TOPAS) to generate the actinic pulse, while the other femtosecond
beam was focused onto a lead-doped-glass window to create a broadband white light
continuum to generate the broad-band probe pulse. The 800-nm fundamental wave-
length of the laser was then rejected from the white light continuum by a pair of notch
filters (Kaiser Holographic notch plus) to avoid two-photon absorption in the sample.
These notch filters are responsible for the gap at 800 nm in the transient absorption spec-
tra presented in Figure 3.1.The picosecond beam was tuned to 900 nm by an optical
parametric amplifier (Light Conversion TOPAS) and acted as the Raman pump pulse.
The actinic and Raman beams were mechanically chopped at 5 kHz and 2.5 kHz, respec-
tively, while the probe beam was kept at the system repetition rate of 10 kHz. These
different repetition rates create four different sequences of pulses, namely actinic-probe
(01), Raman-probe (10), actinic-Raman-probe (11) and probe alone (00). The actinic-
probe and probe alone sequences are used to obtain the transient absorption spectrum,
while the FSRS spectra are obtained using a combination of those four sequences, as ex-
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plained by Greetham et al.[84] Temporal dispersion of the pulses was minimized using
reflective optics to transport beams to the sample. A linear motor drive translation stage
(Newport) provided femtosecond to nanosecond pump-probe timing.The beams were
focused onto the sample to typical beam diameters of 50 µm (probe beam) and 100 µm
(actinic and Raman beams) set in a non-collinear geometry with with an angle of 10◦
between the Raman and actinic beams and the probe.
Samples were placed in a cold-finger cryostat (Janis Research Company) and kept
under a dynamic vacuum (10−6 mbar). Low temperatures were achieved by flowing liq-
uid helium, reaching 100 K and 180 K for the PCDTBT:PCBM and the neat PCDTBT
films, respectively. The cryostat was rastered by a mecanical stage in the plane perpen-
dicular to the beams to minimize cumulative photo-damage.
After passing through the sample, the probe beam was collimated and focused into
a spectrograph (0.25 m f/4 DK240, Spectral Products), then detected shot-by-shot using
custom high-rate-readout linear dual detectors (Quantum Detectors). The spectra were
averaged using a computer, averaging 216,000 detected shots per spectra for the neat
PCDTBT film and 441,000 shots per spectra for the PCDTBT:PCBM film.
The spectra obtained were then smoothed using a feature-preserving Savitzky-Golay
filter in MATLAB. The step size of the filter was small to avoid losing spectral accu-
racy. The FSRS spectra were baseline corrected, using a polynomial fit to the broad
background shape, preserving the FSRS peaks (see Figure I.7 of Section I). FSRS peak
dynamics (peak area, centre frequency) were extracted by fitting a single Gaussian curve
to individual peaks, or multiple Gaussian curves in areas of peak congestion.
3.2.5.3 Computational methods.
All calculations were carried out within the framework of density functional theory
(DFT)[148] using Gaussian 03 and Gaussian 09 software[72] with the 6-311g(d) basis
set.[128] The functional B3LYP[20] was used, which contains an empirically fitted per-
centage of exact-exchange for a better description of organic molecules. Other function-
als were tested, such as CAM-B3LYP,[234] but the B3LYP was chosen due to a better
description of the experimental vibrational spectrum of the ground state. All the opti-
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mization calculations were forced in a planar geometry, since the low-frequenecy torsion
motion of the excited state threw the system out of the harmonic regime. Therefore, all
torsion effects are not described by those calculations.
While the ground-state and cation properties are calculated with DFT, the optically-
excited-state properties are obtained by applying time-dependent density functional the-
ory (TDDFT).[146] The new vibrational frequencies of each mode are obtained by fitting
a parabola through nine single-point energy calculations around the energy minimum of
the first singlet excited state, going from the minimum to the zero-point motion ampli-
tude of the mode. This technique assumes that the effect on the frequency eigenvalues is
limited to the first order, and that second-order effects of displacement eigenvectors can
be neglected.
The excited state intensities depend on the charge reorganisation of the addition of
an electron and a hole in our system, and they are approximated using the cation and an-
ion ground state calculations. The ground-state mode was decomposed in the cation and
anion vibrational modes, and a weighted average of all the intensities were done accord-
ingly, with equal weight between the cation and the anion, to obtain the new intensity.
This technique neglects the effect of the interaction between the electron and the hole in
the excited state. This effect is presumed to be small in PCDTBT’s case, since the de-
scription of the first singlet excited state after geometrical optimisation is composed of
97% of the HOMO→LUMO transition. However, the new excited vibrational intensities
must only be used to indicate the tendencies of the effects of the charge reorganisation,
and their quantitative significance is ambiguous.
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CHAPITRE 4
THÉORIE DE LA FONCTIONNELLE DE LA DENSITÉ DANS LE MODÈLE
DE SCHARBER
4.1 Mise en contexte
En 2006, alors que les cellules solaires organiques atteignaient des records d’effica-
cité en laboratoire autour de 4-5 %, Scharber et al. ont établi un modèle semi-empirique
destiné à évaluer le potentiel de cette nouvelle technologie prometteuse. En effet, Schar-
ber établit un lien entre le potentiel d’ionisation du polymère donneur et le voltage en
circuit ouvert du dispositif. Bien que cette relation linéaire témoigne de pertes empi-
riques totalisant 0,6 eV, qui ont été explorées au Chapitre 3, avec des attentes réalistes
des propriétés du dispositif sur la mobilité des charges et l’efficacité de l’absorption des
photons, cette étude montrait la possibilité de doubler l’efficacité des cellules jusqu’à
10 % simplement en trouvant un composant dont les niveaux énergétiques étaient situés
dans des plages de valeurs définies. Scharber permettait ainsi de guider la voie de la
recherche de dispositifs plus efficaces en se concentrant sur l’optimisation des niveaux
énergétiques et du band gap du polymère.
Étant alors en train de collaborer avec certains groupes de chimistes de synthèse,
principalement le groupe de Mario Leclerc à l’Université Laval, j’ai remarqué que la
synthèse de nouveaux polymères est un processus long et ardu, et que les calculs de
DFT sont souvent utilisés comme guides pour établir les candidats les plus propices. Ce-
pendant, bien que plusieurs études existent sur l’efficacité de la DFT dans les organiques,
plus spécifiquement sur la fonctionnelle semi-empirique B3LYP qui est le standard pour
la caractérisation des composés organiques, la majorité porte sur les molécules finies.
Malgré l’utilisation de la DFT pour caractériser les polymères dans le but d’atteindre de
meilleures propriétés électroniques dans le cadre de l’étude décrite au Chapitre 2, très
peu d’études existent sur la caractérisation des polymères, et encore moins par rapport
aux polymères photovoltaïques. Considérant que la fiabilité de la DFT varie énormément
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selon les composants et les propriétés étudiées, il est donc nécessaire de tester cette mé-
thode avant de continuer à l’utiliser dans cette optique.
Les calculs DFT associés à une base de trente polymères photovoltaïques, dont les
dispositifs solaires ont été créés et caractérisés dans la littérature, ont ainsi été testés.
Bien que les précisions sur les niveaux énergétiques sont plus grandes que prévues, la
précision sur le band gap et le voltage du dispositif se situent en dessous de 0,1 eV.
Cette précision se traduit par une erreur allant jusqu’à 2,5 % sur l’efficacité totale du
dispositif. Considérant la rapidité des calculs DFT, qui prennent quelques heures, par
rapport aux processus de synthèse pouvant prendre plusieurs mois, cette précision est
plus qu’acceptable pour sonder les candidats potentiels.
Le vrai problème se situe au niveau du courant produit, pour lequel le modèle de
Scharber suppose une limite supérieure qui n’est atteinte que si le dispositif possède une
bonne morphologie. Malheureusement, puisque la morphologie dépend beaucoup des
processus de synthèse et très peu des propriétés électroniques, il est impossible de la
prédire adéquatement pour le moment. Le modèle de Scharber nous donne simplement
l’efficacité du dispositif en supposant que la morphologie est adéquate.
Suite à ces résultats, la totalité des calculs DFT accomplis au cours de mon doctorat
a été répertoriée dans une base de données et analysée dans le but d’établir les candidats
prometteurs pouvant atteindre, selon le modèle de Scharber, une efficacité au-delà du
8 %, qui constituait le record du monde d’efficacité au moment de l’étude. Les calculs
sur les polymères accomplis au cours des stages d’été de Vincent Gosselin et de Josiane
Gaudreau sous ma supervision ont également été incorporés dans la base de données.
Cet article a pu établir l’efficacité des calculs de DFT sur les polymères et offrir un
estimé de la précision attendue pour diverses propriétés. À ce jour, cet article possède
cinq citations, ce qui témoigne de l’intérêt de cette méthode de calcul dans le domaine
des polymères photovoltaïques. En terme de pouvoir prédictif, il faut rappeler que l’ef-
ficacité photovoltaïque des candidats proposés par l’article n’est pas garantie, et que le
but de cette étude était d’offrir une première sélection avant de procéder à de meilleurs
calculs et une meilleure méthode de synthèse.
Plusieurs candidats ont été synthétisés depuis la parution de cet article, dont le poly-
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mère P104 de la Figure 4.3. Les calculs de la Table 4.I prédisent un potentiel d’ionisation
de 5,32 eV, une affinité électronique de 3,72 eV et un band gap optique de 1,60 eV. Les
valeurs expérimentales de ces quantités sont 5,37, 3,85 et 1,43 eV, respectivement.[6]
Les calculs sont donc dans l’accord espéré avec l’expérience, sauf pour un écart légère-
ment trop grand pour le band gap optique. Le polymère P104 est donc un candidat très
prometteur pour atteindre l’efficacité prédite de 8,4 %. D’après une discussion avec le
groupe de Mario Leclerc, les autres polymères de cette table sont cependant difficiles
à synthétiser pour le moment, comme les polymères P102, P111 et P112. Pour cette
raison, une attention particulière a été donnée aux candidats du Chapitre 5 pour que la
synthèse soit possible avec les techniques expérimentales actuelles de copolymérisation.
Nous pouvons toujours espérer que de plus en plus de ces polymères soient synthétisés
dans le futur, et que leurs méthodes de synthèse s’améliorent au fil du temps et que leurs
performances augmentent, à l’instar du polythiophène.
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4.2 Designing Polymers for Photovoltaic Applications Using ab Initio Calculations
Nicolas Bérubé, Vincent Gosselin, Josiane Gaudreau and Michel Côté
Département de physique, Université de Montréal, C. P. 6128 Succursale Centre-Ville,
Montréal (Québec) H3C 3J7, Canada
This article evaluates the efficiency of density functional theory calculations when used
in conjunction with Scharber’s model to predict the power conversion efficiency of or-
ganic solar cells. Thirty polymers were investigated, and their calculated electronic
properties were assessed against their reported experimental values. The energy level
calculations have a relatively small standard deviation of about 0.2 eV after a correction
for a systematic overestimation. The optical band gap and the open-circuit voltage are
obtained within an accuracy of 0.09 eV and 0.10 V, respectively. Also, the model pro-
vides an indication of the maximum value for the short-circuit current and an interesting
guiding tool to identify promising suitable polymers to reach high power conversion ef-
ficiencies. After validating the present numerical approach against known devices, new
polymers that could reach a power conversion efficiency ranging from 8 to 11% are
presented.
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4.2.1 Introduction
Organic photovoltaic cells have received much attention in recent years as they offer
an environmentally friendly and low-cost solution to the world’s rising energy needs.
Claims for organic solar cells with a 10% power conversion efficiency have already
been made.[83, 194] A bulk heterojunction solar cell,[59, 226] which uses a poly-
mer as an electron donor and a fullerene derivative as an electron acceptor blended
into an interpenetrating network, is a type of architecture that can be easily produced
while providing promising results with power conversion efficiencies now reaching over
7%.[51, 141, 142, 173] This technology is already used with high production volume
screen printing processes to provide flexible devices, and this market could develop as
soon as it becomes commercially competitive.[127]
For many years, the goal of the scientific community has been to find better poly-
mers that could give high power conversion efficiencies. Since the process of polymer
synthesis and device production is a time-consuming one, it would be important to have
a guide in searching for these optimal polymers. In 2006, Scharber et al.[189] proposed
a simple model that describes how to estimate the power conversion efficiency of bulk
heterojunction solar cells, and it is well-known for its claim that those devices can reach
power conversion efficiencies of 10%. Scharber’s model requires the knowledge of the
energy levels to assess the potential of a polymer that will be used in a photovoltaic
device. Normally, those energy levels are obtained by cyclic voltammetry experiments
after the synthesis of the polymer. This is where modern theoretical tools like density
functional theory are helpful. In principle, these tools can predict the properties of the
polymer even before it is synthesized.
Scharber’s model has been abundantly used in the past with density functional theory
in an effort to design, understand, and predict the properties of actual and future organic
solar cells.[9, 22, 31, 131, 242] However, even though the model clearly predicts certain
particular properties like the open-circuit voltage or the short-circuit current density, one
can ask if the model estimates some properties more accurately than others, when used in
conjunction with the density functional theory. The reliability of theoretical calculations
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is important as they offer the opportunity to understand and to predict the properties of
devices. It is worth noting that some very extensive studies have already been made on
oligomers[68, 86, 162, 163, 166] or crystals,[199] but the comparison of calculations
made on polymers with experimental data remains scarce.
In this article, we will briefly review Sharber’s model. Only a few key electronic
properties are needed to apply this model. We will then assess the accuracy of density
functional theory calculations to predict these values when compared to reported known
polymer devices. We will find that the accuracy on most of these properties can be
used as a guiding tool to sample the vast chemical space. This approach of combining
density functional theory calculated properties with Sharber’s model provides indica-
tions of the maximum values that can be obtained for the power conversion efficiencies.
After establishing the validity of the approach, we will finish by proposing new inter-
esting candidates for donor polymers. As a guiding tool, the present approach should
be considered as a gateway toward a more detailed analysis of the promising polymer
candidates and cannot be used on its own to obtain exact predictions.
4.2.2 Methodology
Scharber’s Model. By convention, the power conversion efficiency (PCE) of a solar
cell is equal to the maximum power density output of the device divided by the total
incoming power density from the Air Mass 1.5 solar spectrum,1 which is 1000 W/m2.
The power density output of the device is given by the product of the open-circuit volt-
age (VOC), the short-circuit current density (JSC), and the fill factor (FF). According to
Scharber’s model, the VOC is related to the difference between the lowest unoccupied
molecular orbital (LUMO) of the acceptor and the highest occupied molecular orbital
(HOMO) of the donor. One has to subtract 0.3 eV from the difference between those
energy levels to obtain the VOC. This shift was found empirically and is attributed to the
residual binding energy between the carriers and various interface effects. However, the
exact value of this binding energy is still debated.[18, 37, 90] The JSC is the integral of
the external quantum efficiency (EQE) multiplied by the number of photons given by
1Air Mass ASTM G-173 data available at http://rredc.nrel.gov/solar/spectra/am1.5/
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the Air Mass 1.5 solar spectrum over all frequencies. The EQE is simply taken as a step
function, with a value of 0% for energies below the donor’s optical band gap (Eopt) and
65% for energies above it. The fill factor is approximated as a constant FF= 0.65 for all
devices. It is worth noting that other assumptions for the EQE and the FF can be made
if desired. For example, the EQE could be obtained by studying the Kohn-Sham joint
density of states, which would give us insight into the frequency-dependent behavior of
the absorption cross-section. However, in the present case, the assumption is that the
polymer layer is thick enough to absorb any photon over the optical band gap and that
the EQE is mostly limited by the morphology of the films. Scharber’s model[189] can
be described according to the following equations
PCE =
VOCJSCFF
1000 W/m2
(4.1)
LUMOdonor > LUMOacceptor+0.3 eV (4.2)
eVOC = LUMOacceptor−HOMOdonor−0.3 eV (4.3)
Eopt = LUMOdonor−HOMOdonor (4.4)
EQE(ω) = 0.65×Θ(h¯ω−Eopt) (4.5)
JSC =
∫
EQE(ω)×#photonsAir Mass 1.5(ω)dω (4.6)
As Equation (4.2) points out, this model assumes an energy difference between the
LUMO of the donor and the LUMO of the acceptor of at least 0.3 eV to ensure an
efficient charge transfer between the components. This LUMO offset value must not be
confused with the empirical shift of 0.3 eV for the VOC calculation of Equation (4.3).
This means that the maximum value for eVOC is Eopt−0.6 eV.
Theoretical Methodology. All calculations were done in the framework of density
functional theory (DFT)[41] by using the Gaussian 03 and Gaussian 09 packages.[72]
The exchange-correlation energy was treated with the B3LYP functional.[20] The
B3LYP functional shows an improvement over the local-density approximation (LDA)
since the former contains a certain percentage of exact-exchange fit on empirical data.[4]
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The addition of exact-exchange in the B3LYP functional approximates the derivative
discontinuity in the fractional occupation orbital energies, which improves the band
gap description.[55, 147, 193] To this day, no other functional has clearly replaced
the B3LYP functional as a standard in the organic photovoltaic domain,[19, 166] and
for this reason it will be used in this article. The polymers were calculated in a one-
dimensional periodic and isolated system. The number of primitive cells included in
the exact-exchange calculation and the k-point sampling was done automatically by the
Gaussian software, as they both depend on the primitive cell length. The exchange en-
ergy was calculated over a distance ranging from 5 to 15 primitive cells. Each copolymer
calculation contains a number of k-point ranging from 9 to 44. Those parameters should
be treated more carefully when studying systems with low band gaps, which is not the
case here. The atomic positions were relaxed with the 6-311g(d) basis set.2[128] The
electronic properties were then calculated from those positions with the 6-311g(2d) ba-
sis set.
The various alkyl chains have been modeled by ethyl or isopropyl groups, depending
on the beginning of the chain, to allow for faster calculations and better convergence cri-
teria. The results should not be affected by this approximation since the electronic wave
functions of the LUMO and HOMO states are mostly located on the polymer backbone
and not on the chains. The alkyl chains mostly influence the molecular packing, which
is not considered here since the calculations were done for isolated polymers. Conver-
gence tests on poly(3-hexylthiophene) (P3HT) reveal that an alkyl chain of at least two
carbon atoms is required to get electronic energy levels inside 0.1 eV of the converged
full alkyl chain value.
There are many different ways to calculate the electronic properties of polymers. In
this study, only DFT Kohn-Sham energy levels were investigated. The HOMO energy
level can be related to the ionization potential according to Janak’s theorem.[110] How-
ever, it is important to note that these values strongly depend on the functional used. This
choice was made with a design purpose in mind. Since the Kohn-Sham energy levels are
2The relaxation was done with the tight convergence criteria, which means a maximum force threshold
of 1.5×10−5 Hartree with a residual mean square threshold of 1.0×10−5 Hartree.
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rapidly and easily obtainable for almost any polymer, they can be used as guidelines
for future experiments by spanning quickly over a large number of possible candidates
and reveal which ones are suitable for further, more accurate calculations like the GW
calculations and the Bethe-Saltpeter equations.[93, 94, 164]
4.2.3 Results and discussion
The calculations were done on 30 different donor polymers, which already have
been synthesized.[46, 80] They are labeled from P1 to P30 and illustrated in Figure 4.1.
When needed, the primitive cells were doubled to obtain a stress-free configuration. For
example, the intermolecular bonds on the first and fourth carbon atom of the aromatic
ring of a thiophene unit are not parallel, and forcing them to be parallel would cause
virtual stress on the polymer. Since all calculations on polymers must be done on a
repeating cell that is linearly periodic, a second thiophene unit has to be added upside
down in the repeating cell, effectively doubling the number of atoms in the unit cell.
Band Gaps and Electronic Levels. Cyclic voltammetry probes one-body excita-
tions corresponding to adding or withdrawing an electron to the system, which are as-
sociated to the LUMO and the HOMO energy levels, also known as electron affinity
and ionization potential, respectively. Because cyclic voltammetry measurements are
done for polymers in a solvent, the values obtained can differ from the idealized electron
affinity and ionization potential of a polymer in a vacuum. The optical band gap is a
two-body excitation where the electron and the hole can interact. Therefore, the optical
band gap should be equal to or lower than the difference between the electron affinity
and ionization potential. However, Scharber’s model assumes that the gap is exactly
equal to the difference between the energy levels, as Equation (4.4) shows. To remain
within the scope of this model and to keep the PCE limit of 11.1%, we will only consider
one single band gap which will be associated to the difference between the HOMO and
the LUMO energy levels. Both the optical band gap and the cyclic voltammetry band
gap were considered and compared with the Kohn-Sham energy level difference. When
attempting to apply a linear fit to the data, one finds that the optical band gap is better de-
scribed than the cyclic voltammetry one, as the standard deviations for both these values
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Figure 4.1: Structure of the polymers in this study. The references for the experimen-
tal data are the following: P1[102, 118] P2[167] P3[177] P4[31] P5[31] P6[31] P7[31]
P8[231] P9[27] P10[25] P11[112] P12[5] P13[116] P14[44] P15[103] P16[103] P17[99]
P18[140] P19[99] P20[141] P21[101] P22[171] P23[236] P24[85] P25[85] P26[51]
P27[225] P28[168] P29[100] P30[217]
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Figure 4.2: (a) Optical band gaps of various polymers used in solar cells. The x-axis is the energy
difference between the theoretical HOMO and LUMO levels, while the y-axis is the experimental value.
The full line is the y = x line, and the dashed line corresponds to Equation (5.6). (b) HOMO and (c)
LUMO energy levels of various polymers used in solar cells. The x-axis is the theoretical DFT value,
while the y-axis is the experimental value from cyclic voltammetry. The full line is the y = x line, and
the dashed line corresponds to Equations (5.7) and (4.9). (d) Open-circuit voltages of solar cells with
various donor polymers used with PCBM or PC71BM. The x-axis is the theoretical value calculated with
Equation (4.3), while the y-axis is the experimental value. The full line is the y = x line, and the dashed
line corresponds to an overestimation of 0.34 eV according to Equation (4.10). (e) Short-circuit current
densities and (f) Power conversion efficiencies of solar cells with various donor polymers used with PCBM
or PC71BM. The x-axis is the theoretical value calculated with Equations (4.1)−(4.3), while the y-axis
is the experimental value. The full line is the y = x line, which acts as an indication of the maximum
value.[5, 25, 27, 31, 44, 51, 85, 99–103, 112, 116, 118, 140, 141, 167, 168, 171, 177, 217, 225, 231, 236,
241]
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are 0.09 and 0.17 eV, respectively. The need for linear fits has been observed in previ-
ous studies[19, 104, 105] and is not surprising for this type of functional. If we assume
the linear fit to be systematic for all polymers, DFT can retain its predictive power as
long as the standard deviations remain small. The optical band gap data are reported in
Figure 4.2a. The resulting fit for the optical band gap is given by the following equation
Eopt = 0.68× (LUMODFT/B3LYP−HOMODFT/B3LYP)+0.33 eV (4.7)
Results for the electronic energy levels are shown in Figure 4.2b and Figure 4.2c.
Because of Equation (4.4), the linear fits on the energy levels must be applied with the
two following constraints: the slope of the fit must be 0.68, the same as Equation (5.6),
and the difference between the intercepts must be equal to 0.33, the intercept of Equa-
tion (5.6).3 We obtained the following expressions for the fitted results of the energy
levels
HOMO = 0.68×HOMODFT/B3LYP−1.92 eV (4.8)
LUMO = 0.68×LUMODFT/B3LYP−1.59 eV (4.9)
The standard deviations for the HOMO and LUMO levels are 0.18 and 0.24 eV.
It is interesting to study how the energy level standard deviations affect the PCE. An
error of 0.18 eV in the ideal energy levels, while keeping the band gap constant, would
reduce the PCE from 11.1% to 8.6% or prevent charge separation altogether. This is why
we will later present polymer candidates with PCE starting from 8% or with LUMO
levels close to the charge separation threshold since our accuracy on the energy level
alignment is not sufficient to clearly distinguish the best polymers out of these sets. We
3The fit parameters from Equation (5.6), namely, the slope of 0.68 and the intercept of 0.33 eV, have
been used to impose the constraints on the LUMO and HOMO fits because of their low standard errors
compared to independent fits on the energy levels. The standard deviations for the HOMO and LUMO
levels are 0.18 and 0.24 eV. Since the standard deviation on the HOMO energy values is smaller than the
LUMO one, the intercepts have been fit on the HOMO data. The LUMO intercept will then simply be the
sum of the HOMO and the optical band gap ones. This sum is −1.59 eV, whereas the optimal intercept
for the LUMO level would be −1.46 eV. Since the difference between those two values is lower than the
standard deviation on the LUMO data, the offset could be partially explained by a statistical effect.
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would also like to stress that this observation emphasizes the need for the continuing
development of better electronic structure methods and more systematic analysis of the
experimental data. Presently, we use an approach that is the best compromise between
cost in computational resources and accuracy of the results to help the development of
new polymers for photovoltaic applications. Precise energy level data should be left for
more demanding calculations.
The fact that the prediction of the LUMO level is not as precise as the HOMO level
might also be a problem; however, DFT energy levels have to be assessed in the context
of the derived quantities of interest. According to Equations (4.4), (4.2), and (4.3), the
LUMO level allows us to calculate the optical band gap, the LUMO offset, and the open-
circuit voltage. The optical band gap description is not an issue in this case since the
LUMO level description has been fit according to the band gap. Since the LUMO offset
criteria is necessary to ensure a functioning device, it might cause a problem for donor
polymers that have LUMO values near the 0.3 eV limit of Equation (4.2). However,
a larger uncertainty on the LUMO level value is not problematic for levels that are far
from this offset limit. The open-circuit voltage problem only considers the LUMO level
of the acceptor and will be discussed in greater detail in the following section.
Open-Circuit Voltage. In this study, all donors have been experimentally paired
with either the [6,6]-phenyl-C60-butyric acid methyl ester (PCBM) fullerene derivative
or [6,6]-phenyl C71-butyric acid methyl ester (PC71BM) as the electron acceptor. Given
the fact that the calculated difference in LUMO levels between these two compounds is
small (0.03 eV), the LUMO level of the acceptor is effectively a constant for all devices.
However, there is no guarantee that the fit obtained in Equation (4.9) for donor polymers
is applicable to a single, nonperiodic acceptor molecule like PCBM. Indeed, while the
experimental value of the LUMO level of the PCBM used by Scharber is −4.3 eV, the
value predicted by Equation (4.9) is −3.89 eV.4
The experimental open-circuit voltageVOC has been compared to the theoretical one,
calculated with Equations (4.3), (5.7), and (4.9). As illustrated in Figure 4.2d, there is an
4The DFT LUMO levels of PCBM and PC71BM that were calculated and used in Equation (4.9) were
−3.39 and −3.34 eV, respectively.
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average overestimation of theVOC of 0.34 V. One notes that this overestimation could be
attributed to an erroneous value of the residual binding energy of Equation (4.3). Indeed,
one could keep the PCBM’s LUMO level around −4.0 eV[3, 126, 137, 152] and change
the residual binding energy and the LUMO offset of Equation (4.2) accordingly, and the
model would virtually be the same. However, for the sake of simplicity, the overesti-
mation will be entirely attributed to the PCBM’s LUMO level. Therefore, the PCBM’s
LUMO level will be changed to −4.23 eV.5 Considering that the standard deviation on
the VOC data is 0.10 V, it is compatible with Scharber’s value of −4.3 eV. This new
value of −4.23 eV is the one that is going to be used to determine the LUMO offset in
Equation (4.2), meaning that an efficient donor polymer would need a LUMO level over
−3.93 eV to ensure an efficient charge transfer.6 Equation (4.3) can then be rewritten as
follows
eVOC = 0.68×|HOMODFT/B3LYP(donor)|−2.61 eV (4.10)
Short-Circuit Current Density. As shown in Figure 4.2e, the principal failure of
this model lies in the short-circuit current density JSC, for which the theoretical value,
calculated with Equations (4.6) and (5.6), only seems to act as an indication of the max-
imum value for the experiments. Moreover, if the short-circuit current density is calcu-
lated with Equation (4.6), but using the experimental optical band gap Eopt , one finds
that there is a total lack of correlation between this value and the real experimental JSC.
The inaccuracy in the value of JSC is expected, as the model uses very simplistic as-
sumptions for the EQE value in Equation (4.5), whereas the real EQE is a complicated
frequency-dependent function that would have to account for transport effects. Experi-
mental values for the quantum efficiency vary by an order of magnitude for essentially
the same polymer with various modifications on alkyl side chains, solvent, or thermal
annealing.[80, 85, 139] For this reason, a correction to the EQE model would be very
hard to find, as it would have to account for a multitude of different effects depending
on details of the morphology of the films. Regarding the present study, it is worth not-
5This value for devices using PC71BM will be −4.20 eV
6For PC71BM, this value is −3.90 eV.
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ing that only the experimental JSC of the device obtaining the highest power conversion
efficiency was considered.
The JSC values obtained with Scharber’s model do not constitute a strict upper bound,
and they should only be considered as an indication of a polymer’s potential that could
be harvested if the device possesses a good EQE. This assumption is taken for granted in
the present model, and the only way to know if it is realistic is through a more detailed
analysis of the promising candidates. It can be concluded that Scharber’s model cannot
be used on its own for accurate predictions, but only as a guide toward further research.
This limitation is inherent to any model limited to molecular orbitals since the JSC mostly
depends on condensed phase behavior.
Fill Factor. Although treating the fill factor as a constant for all devices might seem
like a coarse approximation, the error it generates is minimal compared to the problem
of the EQE model. Indeed, if one calculates the power conversion efficiency with Equa-
tion (4.1), taking the VOC and FF from Scharber’s model but the experimental JSC, the
correlation between this PCE value and the experimental PCE is very high, showing an
absolute standard deviation of 0.8%.7 On the other hand, if one uses the VOC and JSC
from Scharber’s model but the experimental FF, the model still lacks predicting powers,
showing that the EQE is the main problem of Sharber’s model.
Power Conversion Efficiency. Results for PCE are shown in Figure 4.2f. The PCE
is calculated with Equation (4.1), with the corrections for overestimations of the optical
band gap, the HOMO and the LUMO levels of Equations (5.6), (5.7) and (4.9). One
can then draw the same conclusions for the PCE as for the short-circuit current density.
Scharber’s model provides an indication of a polymer’s potential that could only be
reached assuming a good charge mobility, a good absorption, and an efficient charge
separation process. However, those assumptions cannot always realistically be taken for
granted, and a more detailed analysis with further research must be done to assess them.
The data point that breaks this upper bound corresponds to the P1 (P3HT) device, and
its performances are due to its unusually low residual binding energy in Equation (4.3).
7The absolute standard deviation is actually a percentage point since the units for PCE values are
percentages.
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This is supported by the fact that P3HT devices have an EQE that compares well with
our model.[113] Its HOMO level being measured at −4.76 eV,[102] Scharber’s model
predicts a value of 0.16 V for the VOC. The fact that open-circuit voltages of around
0.65 V are reported in the literature supports our interpretation regarding the low residual
binding energy of devices using P3HT.
Promising Polymers. Knowing the limits of the present approach using density
functional theory values in conjunction with Scharber’s model, it is interesting to use
the predicting power of ab initio calculations to evaluate new unsynthesized polymers
that can reach the present model’s theoretical limit of 11% efficiency. The properties of
polymers that have high PCE are shown in Table 4.I and Figure 4.3. The six best ones
that have already been synthesized have been identified, as with twelve new ones (P101
to P112) that have not yet been synthesized. New copolymers were mostly designed
with the donor-acceptor approach in mind[185] pairing an electron-rich unit with an
electron-poor one. All pairings use units that have already been synthesized on their
own or closely resemble them.
The predicted PCE of polymer P7 could be hard to reach since its asymmetry means
more effort might be needed to make it regioregular. Almost all of the best synthesized
polymers (P8 to P16) belong to the diketopyrrolopyrrole (DPP) family, which is already
well-known, but could still possess untapped potential provided a better experimental
EQE is achieved. The P101 and P102 copolymers also belong to the DPP family but have
yet to be synthesized. Copolymers P103 through P107 belong to the thienopyrrole-dione
(TPD) family, a recent set of copolymers that still hold a promising future.[244] One can
also notice the presence of another new family of copolymers based on a new thiophene-
substituted isoindigo unit.[8] Within this new family, copolymers P108 to P110 hold
promising potential for photovoltaic applications. We also note that these last three
polymers have very low optical band gaps and large electron affinities, characterized
by a low LUMO. This low value of the LUMO is comparable to PBCM, which means
that they could potentially be used for electron transport. Finally, copolymers P102,
P104, P111, and P112 all use the thienothiazole (TTz) monomer,[6] which seems to be
an interesting unit with the donor-acceptor approach, assuming that regioregularity does
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not pose a problem.
Obviously, the polymers with the best efficiencies have a LUMO that is very near
PCBM’s LUMO level, which could hinder the charge transfer processes. Also, the
fact that the optimal band gap is 1.4 eV implies that their HOMO levels are near or
over the maximum of −5.3 eV, which is presumed to be the maximum allowed for air
stability.[31, 58] Encapsulation could be used to avoid air exposure, but this is far from
ideal. Regarding the LUMO offset criterion, P8 and P9 both have a calculated LUMO
level under −3.8 eV according to this model, yet they still have an experimental PCE
of 4.0% and 4.7%, respectively. Moreover, regarding air stability, both P1 (P3HT) and
P28 have a calculated HOMO level of, respectively, −4.98 and −5.04 eV, and they both
possess an experimental PCE of over 5%. Therefore, provided efficient experimental
procedures to isolate the compounds from air exposure, these candidates should not be
disregarded as they show promising results in terms of PCE. Of course, the inefficient
charge transfer and poor stability are two important problems for every high performance
device and need to be further investigated. However, assuming an efficient charge trans-
fer, a good stability, and a good morphology of the device, the PCE reported in Table 4.I
should be reachable by those polymers.
4.2.4 Conclusions
In this work, we have discussed how theoretical calculations based on the Kohn-
Sham energy levels of density functional theory used in conjunction with Scharber’s
model can provide a guide to find promising polymers for photovoltaic cells. Detailed
calculations on 30 different polymers were used to assess the predicting power of the
model. It was found that the PCE obtained with the model provides an indication of
the maximum value that could be reached if we assume the device possesses good mor-
phology. New polymers that could reach a high power conversion efficiency have been
shown, but they might suffer from other recurrent problems like charge separation and
stability. The latter could be corrected if we use a device with an electron donor that
has lower energy levels. However, to ensure en effective charge separation process, this
would require an acceptor with lower energy levels as well. The model could there-
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Table 4.I: Donor Polymers That Could Reach High Efficiencies When
Used With PCBM†
PCE (exp) PCE (max) Eopt (eV) HOMO (eV) LUMO (eV)
P7 0.8% 8.9% 1.72 −5.52 −3.79
P8 4.0% 9.6% 1.41 −5.22 −3.80
P9 4.7% 10.4% 1.36 −5.23 −3.87
P10 5.5% 9.2% 1.53 −5.29 −3.76
P13 2.8% 9.2% 1.46 −5.26 −3.81
P16 4.4% 8.6% 1.49 −5.25 −3.75
P101 - 8.2% 1.54 −5.25 −3.71
P102 - 10.5% 1.31 −5.24 −3.93
P103 - 8.4% 1.51 −5.24 −3.73
P104 - 8.4% 1.60 −5.32 −3.72
P105 - 7.9% 1.61 −5.29 −3.68
P106 - 9.1% 1.42 −5.21 −3.80
P107 - 8.9% 1.73 −5.52 −3.79
P108 - 8.6% 1.17 −5.04 −3.87
P109 - 8.1% 1.23 −5.05 −3.82
P110†† - 10.2% 1.35 −5.36 −4.01
P111 - 8.9% 1.47 −5.25 −3.78
P112 - 8.4% 1.52 −5.25 −3.73
† Properties were calculated, respectively, with Equations (4.1), (5.6), (5.7) and
(4.9).
†† The LUMO of copolymer P110 is 0.08 eV too low to ensure charge separation
with PCBM. However, this value is below the margin of error of 0.24 eV, estab-
lished previously for the LUMO levels. This copolymer then still has a chance to
be part of a functioning device with PCBM. The PCE calculation was corrected
by shifting both HOMO and LUMO levels from the same amount in this partic-
ular case to ensure that the VOC is always lower than Eopt−0.6 eV and therefore
avoiding extremely high PCE values over the 11.1% limit.
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Figure 4.3: Structure of promising polymers of Table 4.I.
fore be extended to quickly calculate the efficiency of every possible pairing between
polymers in an attempt to replace PCBM as an acceptor.
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CHAPITRE 5
DESIGN DE POLYMÈRES SELON L’APPROCHE QUINOIDE-AROMATIQUE
5.1 Mise en contexte
L’espace moléculaire est particulièrement énorme à sonder. Dans la quête vers une
efficacité toujours plus élevée, l’industrie de la photovoltaïque a besoin d’agencer les
niveaux énergétiques des composants avec de plus en plus de précision. Le modèle de
Scharber, étudié au Chapitre 4, a établi que le band gap optimal des polymères photo-
voltaïques devait se situer entre 1,1 et 1,4 eV, ce qui constitue encore aujourd’hui une
plage de valeurs beaucoup plus basses que la norme et difficiles à atteindre. La synthèse
de copolymères a été développée dans ce but. Sa prémisse est de pouvoir utiliser les
propriétés avantageuses de chacun des monomères le composant. L’approche donneur-
accepteur est sans conteste le paradigme le plus répandu du design de polymères. Basée
sur une interprétation où les orbitales atomiques des monomères interagissent de façon
liante et antiliante, cette approche stipule que les monomères dictent le potentiel d’ioni-
sation et l’affinité électronique du copolymère les regroupant.
Cependant, après avoir analysé plus d’une centaine de copolymères différents avec
l’étude du Chapitre 4, j’ai constaté que cette approche manquait de précision et donnait
parfois des résultats complètement contraires à l’expérience. Les chimistes de synthèse
semblaient plutôt en avoir recours a posteriori, ou pour limiter inutilement leurs choix de
copolymérisation en séparant les monomères dans une dichotomie arbitraire de donneurs
et d’accepteurs. En effet, deux monomères nommés accepteurs pourraient être combinés
dans un copolymère aux propriétés très intéressantes.
Le record du monde en photovoltaïque organique, détenu à l’époque par Solarmer,
était un copolymère dont l’efficacité était justifiée par sa forme quinoide. Cependant, la
forme quinoide était utilisée sans explication adéquate et aucune recherche récente sur le
sujet ne semblait vouloir expliquer cette description. Seuls quelques articles du début des
années 1980, écrits par Jean-Luc Brédas, analysaient la question de la forme structurale
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des polymères, mais son étude s’est limitée à quelques polymères aux caractéristiques
très semblables.
Dans le but d’étendre cette relation à l’ensemble des polymères, les propriétés struc-
turales de l’ensemble de la base de données récoltée dans le cadre de l’étude du Cha-
pitre 4 ont été analysées. Plusieurs analyses ont été faites dans le but d’établir un lien
entre la forme structurale, quinoide ou aromatique, et le band gap des copolymères. Ce
lien sera présenté ce chapitre, et sera ensuite exploité dans le but d’offrir une nouvelle
approche pour guider le design du band gap des polymères photovoltaïques.
Cette étude repose entièrement sur les calculs de ma base de données et de l’analyse
que j’en ai faite. Josiane Gaudreau a été mentionnée comme coauteure, car elle a aidé à
la récolte de données pour l’analyse structurale d’une dizaine de polymères pendant son
stage d’été sous ma supervision.
Cet article établit un nouveau paradigme pour le design de polymères à petit band
gaps, qui fonctionne de manière systématique avec tous les copolymères, peu importe
leurs familles. L’utilisation de cette nouvelle approche nous permet de trouver des can-
didats qui nous échapperaient avec l’approche précédente de donneur-accepteur. De plus,
les calculs DFT présagent pour une première fois l’existence d’une multitude de poly-
mères avec des band gaps plus petit que 1 eV, ce qui facilite grandement l’accès à la
plage intéressante de 1,1-1,4 eV pour la photovoltaïque organique.
Il est important de noter ici les limitations de cette étude. Par exemple, les poly-
mères de type ladder où il n’y a pas de lien C-C intermonomère car les monomères sont
fusionnés entre eux ne sont pas inclus dans cette étude, et sont d’excellents candidats
pour atteindre la plage sous 0,5 eV déterminée par le gap minimal de Peierls. Il est bien
connu, par exemple, qu’un nanoruban de graphène de largeur d’un cycle de benzène, le
polyacène, présente théoriquement les caractéristiques d’un polymère métallique, même
si la synthèse de ce dernier est pour le moment presque impossible.[119, 143] Les co-
polymères regroupant trois ou plus monomères différents sont également à étudier avec
l’approche de ce chapitre. Certains dérivés du diketopyrrolopyrrole, donc la cellule pri-
mitive contient quatre unités différentes, ont été synthétisé avec un band gap optique près
de 1 eV.[6] Il est donc évident que des copolymères intéressants se trouvent dans cette
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catégorie.
Les candidats de cette étude n’ont toujours pas été synthétisés pour le moment, mais
plusieurs sont en cours de synthèse dans le groupe de Mario Leclerc, y compris un po-
lymère similaire au poly(TTD-TPD) de la Table 5.I. Il est cependant à noter que tous les
polymères de cet article peuvent être synthétisés avec les procédés actuels, mais que la
difficulté principale réside dans l’efficacité de ces procédés.
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5.2 Low Band Gap Polymers Design Approach Based on a Mix of Aromatic and
Quinoid Structures
Nicolas Bérubé, Josiane Gaudreau and Michel Côté
Département de physique, Université de Montréal, C. P. 6128 Succursale Centre-Ville,
Montréal (Québec) H3C 3J7, Canada
This article establishes a link between the structural form of a polymer and its light
absorption properties using density functional theory. According to a relationship es-
tablished for 200 polymers from a wide range of different families, it is found that
low band gap polymers can be designed with a mix of the quinoid and the aromatic
structures. This characteristic can be obtained by synthesizing a copolymer containing
quinoid monomers with aromatic ones. This promising approach of polymer design
offers noticeably better predictions than the commonly used donor-acceptor approach
and can be used as a fast method to obtain band gap properties of any copolymer using
only information on homopolymers. Using this design approach, we present 31 new
polymers with theoretical band gaps between 0.75 and 1.30 eV, 10 of which are under
1 eV.
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5.2.1 Introduction
Organic electronics offer many advantages over their inorganic counterparts. The
low-cost and flexible properties of polymers are useful in creating novel applications
for various electronic devices. However, whereas low band gap inorganic semiconduc-
tor are readily available, it is still a challenge to find polymers with band gap lower
than 1 eV. Such polymers would be suitable candidates for solar cells,[39, 66, 67, 127,
188, 208, 209, 235] light-emitting diodes,[132, 223] conductive inks,[24] and field-effect
transistors.[49, 52, 65, 66, 79, 120, 122, 124, 200, 233]
The most common approach for low band gap polymer design is the donor-acceptor,
also known as the push-pull approach.[28, 46, 80, 92] This method supposes that a
copolymer’s energy levels will be given by the lowest ionization potential and the highest
electronic affinity of the monomers that compose it. Another way to look at the band gap
is to consider the structure of the polymer. Polyacethylene is the textbook example that
relates the atomic structure with the band gap through a Peierls deformation.[61, 169] In
this case, the dimerization is so large that it results in a 2 eV electronic gap. We want to
use this design principle to find other polymeric systems with lower band gap.
A polymer is naturally found in either its aromatic form, with single carbon bonds
in between the monomers, or in its quinoid form, with double carbon bonds in between
the monomers.[2, 43, 47, 48, 106, 117, 215, 216] Normally, their most stable form is the
aromatic one, but one can force the quinoid form by fusing another aromatic cycle to the
main cycle to force a double bond. This strategy is used to obtain the quinoid polymer
isothianapthene[232] from the aromatic polythiophene.
The link between the quinoid form and the band gap has been theoretically investi-
gated by Jean-Luc Brédas 25 years ago,[33, 38] but it has rarely been used as a design
principle.[97, 98, 121, 130, 184, 185, 213, 218, 237] Brédas calculated the theoretical
band gap of polythiophene by changing and forcing the bond length between carbon
atoms, and he observed that the minimal band gap is obtained when the polymer is be-
tween its quinoid and aromatic form, where all bond lengths would be almost equal.
In the present article, we will generalize and expand the relation between the quinoid
82
structure and the band gap of polymers composed of stable molecules presently avail-
able using density functional theory. The latter is a very widely used method to obtain
geometrical and electronic properties from ab initio methods.[9, 22, 31, 131, 166, 242]
We will then build an approach to predict the band gap of copolymers using data on the
monomers that compose it, and we will compare its efficiency to the donor-acceptor ap-
proach. We will find that the link between quinoid structure and band gap is more reliable
than the donor-acceptor method as a guiding principle to find low band gap polymers.
Finally, we will close with a discussion about improvements on charge mobilities and a
list of 31 new polymers with low band gaps between 0.75 and 1.30 eV.
5.2.2 Methodology
This article’s calculations use density functional theory (DFT)[41, 96, 148] and time-
dependent density functional theory (TDDFT)[146, 187] as implemented in the Gaussian
package,[72] using the B3LYP functional to treat the exchange-correlation energy[4, 20,
55, 147, 151, 193] and the 6−311g(d) basis set.[129] The polymers are all calculated in
an isolated, one-dimensional periodic system, except for TDDFT calculations which are
done on tetramers. Both the number of primitive cells considered in the exact-exchange
and the k-point sampling are done automatically by the Gaussian software, since they
depend on the length of the primitive cell. The exchange energy was calculated over
a distance ranging from 5 to 17 primitive cells. Each copolymer calculation contains
a number of k-points ranging from 9 to 46. The alkyl side chains are not considered
in this study, since they do not influence the atomic structure of the backbone or the
band gap results in any significant way. The band gaps are calculated with the Kohn-
Sham energy levels of DFT, which can be related to the ionization potential according
to Janak’s theorem.[110] They are obtainable easily and rapidly for almost any polymer.
Even though they strongly depend on the functional, this choice is made with a design
purpose in mind since they can be used as guideline by spanning over a large number
of possible candidates. Any bias is therefore presumed to be systematic through the
study, and all trends and relations found would still be meaningful, especially if they
apply to a very large number of polymers. We use a previous study[23] to relate the
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obtained DFT/B3LYP band gap with the real observed optical gap in order to make
realistic predictive results.
Our goal is to investigate the relationship between the optical gap of a copolymer and
the degree of its aromatic or quinoid character. However, this notion is not well-defined.
Ideally, we need a method to obtain a simple dimensionless dimerization parameter,
which will be named ∆, which quantifies the quinoid or aromatic character of a polymer.
This approach is unambiguous only in very precise cases where single and double bonds
are precisely defined, like polyacethylene. The challenge lies in the cases where the
single and double bonds are not clearly identifiable. For example, poly(p-phenylene) is
problematic since the double and single bonds are actually delocalized in the aromatic
cycle of the benzene monomer.
We find that a reliable way to quantify the quinoid character in relation to the band
gap was to simply calculate the ratio of intermonomer carbon bond lengths over the
average intramonomer carbon bond lengths, as shown in Figure 5.1. This is justified by
the fact that in the aromatic form there are more double carbon bonds in the monomer
whereas the intermonomer bonds will be single bonds. Therefore, the parameter ∆ of
aromatic polymers is greater than 1. In the quinoid cases, it is the opposite, meaning
that ∆ is lower than 1. Other attempts have been made to perform different averages and
ratios to define ∆. The simpler attempts were to calculate the ratio of the extremes of the
bond lengths instead of their average or to only consider the intermonomer bonds. The
more elaborate approaches were to weight each bond according to how it is affected by
the transition from the aromatic to the quinoid form or according to its position relating
to the shortest path between the monomer extremities. Another one was to include the
variance of the carbon bonds in the calculations. While the simpler approaches were
inconclusive, the more complex ones did not improve the results in any significant way.
Since the aromatic and quinoid character is mostly expressed through the dimeriza-
tion of unsaturated carbon chains, we choose to exclude every interatomic distance that is
not between carbon atoms. The noncarbon atoms directly affect the precise energy levels
of the polymer, namely the ionization potential and the electronic affinity.[45, 121] How-
ever, the modifications that comes from noncarbon atoms often applies equally on both
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Figure 5.1: A few examples of the bonds considered in the calculation of the param-
eter ∆, namely sp2-hybridized carbon bonds in the shortest path cycles. For a specific
polymer, ∆ is the ratio of the average of intermonomer (blue) bonds over the average of
intramonomer (orange) bonds. This choice is made to improve the comparison between
isothianaphthene and thioenopyrazine, or between fluorene and carbazole, illustrated on
the right.
the ionization potential and the electronic affinity, leaving the band gap unchanged. One
can obviously compare bonds with oxygen, nitrogen, or sulfur atoms, but these results
need to be compared to the equilibrium distance of the respective bonds and be weighted
accordingly in the bond lengths average. Instead, in the intramonomer bonds average, we
choose to include all sp2-hybridized carbon bonds that are in the main cycles, namely
the aromatic cycles that include the shortest path between the monomers extremities.
Figure 5.1 contains a few examples of the considered carbon bonds. This choice is made
to include polymers from very different families, while still being able to adequately
compare similar polymers. For example, thienopyrazine and isothianaphthene have very
similar structures: an aromatic cycle fused to the main thiophene backbone. There is no
reason why the carbon bonds in isothianaphthene should be considered while the nitro-
gen bonds in thienopyrazine should not. Therefore, we only consider the effect of the
fused aromatic cycles on the main cycle, in this case the thiophene cycle. The choice
to include sp2-hybridized bonds is made to compare fluorene and carbazole units anal-
ogously. One can argue that this choice for the parameter ∆ is ambiguous. However, ∆
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only serves as an intermediate quantity in the prediction model of the following section,
and its precise definition is not central to the approach.
5.2.3 Results and discussion
Results of the calculated band gap in function of the quinoid character, represented
by ∆, for 87 homopolymers and 113 copolymers are shown in Figure 5.2. One ob-
serves the same relation as in Brédas article,[38] with low band gaps lying in between
the quinoid and aromatic polymers. The main difference with Brédas’ study is that in-
stead of a single polymer with forced geometry, those are 200 different polymers from
notably different families, all with relaxed geometrical configurations. Homopolymers
and copolymers all seem to follow the same quantitative relationship. The linear fits of
Figure 5.2 correspond to the following equations:
Eopt = (∆−0.991)×53.3 eV for aromatic (5.1)
Eopt = (∆−0.993)× (−39.0 eV) for quinoid (5.2)
One can note that the slopes of both fits are not the same, but such a detail does
not matter in the construction of the future prediction model, as we shall see later. It is
also worth noting that the two fits do not intersect at ∆ = 1, but at ∆ = 0.992. Even in
Brédas’ article,[38] where the definition of the parameter was less ambiguous owing to
the atomic structure of polythiophene, the fits intersect slightly in the quinoid zone of
the graph. This is surprising but understandable, as it supposes that either a true metallic
polymer would be slightly quinoid or that some new effect needs to be taken into account
for very low band gaps. However, there is a zone present below 0.5 eV that seems to be
unattainable. This excluded region is explained by the Peierls theorem, which states that
one-dimensional periodic materials have nonzero band gap and that their true metallic
state is an unstable one.[95, 169, 182] An example of this fact is polyacetylene, whose
band gap is strongly correlated to the chain dimerization.[61, 181, 204, 205] It is also
worth noting that this zone depends on the functional used in our DFT calculations,
namely the percentage of exact exchange.[61] The B3LYP functional is preferred since
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Figure 5.2: Calculated band gap of 87 homopolymers and 113 copolymers according to
the quinoid or aromatic character represented by parameter ∆. Quinoid polymers are in
the left section of the graph (∆< 1) while aromatic polymers are on the right (∆> 1).
its exact exchange percentage is empirically fit to best describe those properties.[20]
For the rest of the article, we define Peierls’ minimal gap as PMG = 0.5 eV and the
quinoid-aromatic threshold at ∆= 0.992.
The existence of such an exclusion zone is emphasized by the fact that there are
very similar copolymers that are situated at both limits. For example, polythienopy-
razine (pTPy) is a quinoid polymer with ∆ = 0.957, while polythienothiazole (pTTz)
and polydithienothiophene (pDTT) are both similar aromatic polymers with ∆ = 1.018
and ∆ = 1.023, respectively. All three of them have the same basic structure, namely, a
main thiophene chain with an aromatic cycle fused on it, as illustrated in Figure 5.3. The
copolymer of thienopyrazine and thienothiazole (pTPy-TTz) is quinoid, with ∆= 0.968.
However, the copolymer of thienopyrazine and dithienothiophene (pTPy-DTT) is aro-
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matic, with ∆= 1.008. This supposes that they both got excluded from the Peierls zone,
one on the quinoid side and one on the aromatic side. This is further emphasized by
the fact that both copolymers have very similar theoretical band gaps: 0.87 and 0.88 eV,
respectively.
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Figure 5.3: Units of copolymers from Table 5.I.
The space of possible polymers is seemingly endless. For example, from a bank
of just 100 monomers, there is almost 5000 different copolymers that can combine two
of them. The well-known polymer PCDTBT[207] is composed of four monomer units,
which is one of almost 4 million possibilities. If we can predict the band gap of copoly-
mers only with data from the monomers and homopolymers, we can guide our design
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path without having to launch more expensive and complicated calculations on grow-
ingly convoluted polymers. We can also know instantly which are the most suitable
candidates to pair with new monomers or find out which couples are the most interesting
to consider with a novel synthesizing method.
The two approaches that are considered here are the donor-acceptor one and this
study’s novel quinoid-aromatic one. Both approaches try to predict the band gap of 113
copolymers from separate, independent DFT calculations on the monomers that com-
pose them or, more precisely, on the homopolymers those monomers form. We prefer to
use the energy levels of the homopolymers as they are much closer to the copolymer’s
than the monomer’s energy levels. This is explained by the fact that the homopoly-
mers’ calculations include the interactions between the monomers which is crucial to
pinpoint the exact energy levels. In addition, the end groups of any finite oligomers dic-
tate whether it stands in its aromatic or quinoid form, which in turn dictates the band
gap,[125, 191, 196] as opposed to periodic polymers that can freely alternate between
the two forms during a geometrical optimization. For these reasons, the approaches only
consider the energy levels of the periodic homopolymers formed by the monomers that
are used as the building blocks of the more complex copolymers. The donor-acceptor
approach takes the lowest ionization potential (IP) and the highest electronic affinity
(EA) of the present homopolymers to calculate the new copolymer band gap Eg DA with
their difference, according to the equation
Eg DA = min[IP]−max[EA] (5.3)
Of course, if Equation 5.3 returns a negative value, the band gap is fixed to zero.
This study’s quinoid-aromatic approach assumes that each homopolymer brings ei-
ther its aromatic or quinoid structure into the copolymer to various degrees and that the
band gap is calculated according to the relation of Figure 5.2. However, in order to
quantify the degree to which the units will bring their quinoid or aromatic character, it is
more appropriate to consider the average of the band gaps instead of the average of the
∆ parameters since ∆ is ill-defined. Therefore, the band gap of a copolymer composed
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of two aromatic or two quinoid monomers is simply the average of the two band gaps,
weighted by the number of carbon bonds in each monomer. A copolymer mixing an
aromatic and quinoid unit is slightly more complex. Let us assume that both units have
the same number of carbon bonds, so that we do not have to worry about the weighted
average. If we define the band gap of the homopolymer composed of the aromatic unit as
Eg(A) and the quinoid one as Eg(Q), the band gap of the resulting copolymer is simply
Eg qui =
∣∣Eg(A)−Eg(Q)∣∣
2
+PMC (5.4)
where PMC is Peierls’ minimal gap, fixed at 0.5 eV. The previous examples are specific
cases of a general approach. Assuming N is the number of carbon bonds in a specific
unit, Eg is the band gap of the homopolymer made from this unit, and q the value +1 for
aromatic units and −1 for quinoid ones, the general formula to predict the band gap of a
copolymer is
Eg qui =
∣∣∑qN(Eg−PMC)∣∣
∑N
+PMC (5.5)
where the sums are over all units that compose the copolymer. The standard deviation
of Equation 5.5 compared to the DFT calculated band gap is 0.4 eV. A greater value
of PMC lowers the standard deviation. For this reason, the excluded zone width was
taken to be as big as possible, but still smaller than the lowest band gap we calculated of
0.52 eV, which was, in our case, with the poly(thienothiazole-thienopyrrole) copolymer.
Figure 5.4 compares the predictions of the two approaches. One can see that even
though the donor-acceptor approach is sensible, it completely fails, even in a qualitative
way, to predict the band gaps of copolymers. This approach also widely underestimates
the band gaps, as shown by the fact that the majority of the points are below the dashed
line, and even returns zero band gaps for a lot of polymers. The standard deviation of
the donor-acceptor approach is 0.6 eV, which is greater than the previously mentioned
0.4 eV value for the quinoid-aromatic approach.
The quinoid-aromatic method, while lacking precise quantitative predictions, still
holds very well in a qualitative way. After establishing Equation 5.5, we attempted to
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Figure 5.4: Comparison of the two approaches for designing low band gap polymers.
The x-axis represents the model’s prediction for the copolymer band gap based simply
on the data of the homopolymers. The y-axis represents the more demanding DFT cal-
culation of the band gap of the copolymers. The dashed line is the y = x line. The
empty circles were all calculated after the models were established. (a) Donor-acceptor
approach, calculated with Equation 5.3. (b) Quinoid-aromatic approach, calculated with
Equation 5.5.
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test and refine our method by finding low band gap polymers. Therefore, from our results
on 83 homopolymers, all the copolymers that the quinoid-aromatic approach predicted
to have a band gap lower than 1 eV were calculated more thoroughly with DFT in order
to verify their band gaps and to obtain the levels of their ionization potentials and elec-
tronic affinities. Those subsequent calculations are represented by the empty circles of
Figure 5.4. According to density functional theory, half of those promising copolymers
have indeed a band gap under 1 eV, while all of them are still under 1.5 eV. By compar-
ison, some of the polymers that the donor-acceptor method predicts to have a band gap
under 1 eV actually have, according to complete DFT calculations, band gaps of up to
2.5 eV. The quantitative predictive power of the donor-acceptor approach is found to be
very unreliable. The quinoid-aromatic approach is a more efficient way to span the tens
of thousands of combinations of monomers, before starting more expensive calculations
or long synthesis processes.
As a side note, a polymer that balances between its aromatic and quinoid form has
equal length carbon bonds through the polymer chain. However, one can ask if this
form is stable, if the polymer is fragile, and how it deforms when optically excited. All
those factors affect the charge mobility of the polymer, a crucial parameter in organic
photonics.[214] Time-dependent density functional theory calculations were conducted
on tetramers in order to find out whether low band gap polymers would have lower reor-
ganization energy upon excitation, and therefore a better mobility, according to Marcus
theory.[17, 21, 145] The reorganization energy is obtained by doing a geometrical op-
timization of an optically excited tetramer with TDDFT and by calculating the energy
gained by the geometrical reorganization of the atoms. This energy is then compared
to the band gap of the polymer, which is nonetheless very strongly correlated with the
band gap of the tetramer.[35] The results are shown in Figure 5.5. It is clearly shown
that oligomers with lower band gaps have also lower reorganization energy.
Table 5.I and Figure 5.3 report 31 stable copolymers with theoretical band gaps be-
tween 0.75 and 1.30 eV, 10 of which are under the 1 eV threshold. Each one of them
is designed with the quinoid-aromatic approach in mind, which consists of mixing a
quinoid and an aromatic monomer in order to find a balance between those two forms
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Figure 5.5: Reorganization energy of tetramers upon photoexcitation calculated with
TDDFT, according to the homopolymer’s band gap calculated with DFT. The dashed
line is a linear fit of the data points.
and lower the band gap.
The band gaps and ionization potentials are calculated with linear fits in order
to match empirical data of polymers more adequately, according to the following
equations:[23]
Eopt = 0.68∗ (LUMODFT/B3LYP−HOMODFT/B3LYP)+0.33 eV (5.6)
HOMO = 0.68∗HOMODFT/B3LYP−1.92 eV (5.7)
In particular, Equation 6 provides the experimental optical gap of polymers within
0.1 eV.[23] Table 5.II compares the theoretical gap to the experimental one for a few
known polymers: poly(3-hexylthiophene) (P3HT),[102] poly(carbazole-dithophene-
benzothiadiazole) (PCDTBT),[167] poly(diketopyrrolopyrrole-quaterthiophene)
(PDPPQT),[231] and poly(benzodithiophene-thienothiophene) (PBDTTT).[141] The
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ionization potentials are all over 5 eV in order to limit ourselves to polymers that would
be near or over the air stability threshold, which is believed to be around 5.3 eV.[31, 58]
DFT calculations are an easy way to identify which units are quinoid and which units
simply have a weaker aromatic character, and it was found that true stable quinoid units
remain pretty scarce. The quinoid units listed in Table 5.I were the most promising
ones. Those units are thiophene dioxide (TDO), thienothiadizaole (TTD), thienopy-
razine (TPy), and thiadiazolothienopyrazine (TDTP), all of which have been already
synthesized on their own.[184, 185]
Out of these results, we single out two interesting cases: poly(TTD-SePD) and
poly(TTD-TPD). Both polymers are predicted to have a very low band gaps of 0.75
and 0.85 eV, respectively, and high ionization potentials that indicate a good air stabil-
ity. They both contain symmetrical units, meaning that regioregularity should not be a
problem for the synthesis. Solubility can easily be improved by adding alkyl side chains
to the SePD or the TPD unit without affecting the electronic properties. Moreover, they
demonstrate the advantages of the quinoid-aromatic approach since the donor-acceptor
one returns high band gap values around 1.85 eV for both copolymers. The TTD, SePD,
and TPD homopolymers all have band gaps around 2 eV, but the mix of the quinoid TTD
and the aromatic SePD or TPD lowers the band gap to values under 1 eV.
5.2.4 Conclusions
In conclusion, low band gaps are obtained with polymers that carefully balance be-
tween their quinoid and aromatic structures. This approach is more reliable than the more
commonly used donor-acceptor approach of polymer design. Low band gap polymers
possess lower reorganization energy according to time-dependent density functional the-
ory which is correlated to a higher charge mobility. New stable polymers with predicted
band gaps around 1 eV are shown. The prediction efficiency of this promising approach
could be improved if we include other information on the homopolymer like torsion
angle[34, 36] or individual bond lengths instead of averages. Consideration of the non-
carbon atoms could also help to predict the individual energy levels[45, 121] instead of
only the band gaps.
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Table 5.I: Stable Low Band Gap Polymers Found with the Quinoid-Aromatic Approach†
Eg (eV) IP (eV) Eg (eV) IP (eV)
TDO-DTT 0.95 (0.91) 5.43 (5.16) TTD-SePD 0.75 (0.62) 5.22 (4.86)
TDO-EDOT 1.00 (0.99) 5.15 (4.75) TTD-Thi_CN 0.78 (0.67) 5.71 (5.57)
TDO-SeDPPSe 1.04 (1.04) 5.40 (5.12) TTD-TPD 0.85 (0.77) 5.27 (4.93)
TDO-3HT 1.07 (1.08) 5.51 (5.28) TTD-ThiDPPThi 0.89 (0.82) 5.14 (4.73)
TDO-TTz_o 1.11 (1.15) 5.39 (5.10) TTD-TPDf 0.92 (0.87) 5.29 (4.96)
TDO-CPDTz 1.15 (1.21) 5.60 (5.41) TTD-SeDPPSe 0.98 (0.95) 5.18 (4.80)
TDO-TTz 1.18 (1.25) 5.44 (5.18) TTD-TPD_S 1.01 (1.00) 5.53 (5.31)
TDO-Se 1.30 (1.42) 5.76 (5.65) TTD-CPDTz 1.02 (1.01) 5.17 (4.78)
TDTP-SeDPPSe 1.04 (1.04) 5.36 (5.06) TTD-DTT 1.07 (1.09) 5.10 (4.67)
TDTP-CPDTz 1.08 (1.10) 5.39 (5.10) TTD-Fu 1.20 (1.28) 5.09 (4.66)
TDTP-EDOT 1.14 (1.20) 5.03 (4.57) TTD-3HT 1.24 (1.34) 5.04 (4.59)
TDTP-DTT 1.17 (1.24) 5.29 (4.96) TTD-Se 1.30 (1.43) 5.19 (4.81)
TDTP-Se 1.20 (1.28) 5.42 (5.14) TPy-SeDPPSe 0.75 (0.62) 4.99 (4.51)
TDTP-3HT 1.20 (1.29) 5.26 (4.92) TPy-DTT 0.93 (0.88) 4.95 (4.46)
TDTP-TTz_o 1.21 (1.29) 5.24 (4.88) TPy-Tz 1.15 (1.20) 5.25 (4.89)
TDTP-TTz 1.23 (1.33) 5.28 (4.94)
† Theoretical properties shown are the optical band gap and the ionization potential, and were cor-
rected respectively with Equations 5.6 and 5.7. Values in parentheses correspond to the correspond-
ing DFT/B3LYP data.
Table 5.II: Comparison between the Theoretical Band Gap Calculated with Equa-
tion 5.6 and the Experimental Optical Gap for Known Polymers.
Polymer Theoretical gap[23] Experimental gap[102, 141, 167, 231]
P3HT 1.75 1.8
PCDTBT 1.80 1.9
PDPPQT 1.41 1.4
PBDTTT 1.62 1.6
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CHAPITRE 6
CONCLUSION
Cette thèse s’attarde sur la caractérisation et l’exploration des méthodes de design de
polymères pour l’électronique organique. La photovoltaïque organique est un domaine
en plein essor, ce qui signifie qu’il y a encore place à beaucoup d’améliorations. Les
défis actuels au niveau du design de polymères sont néanmoins nombreux, et il n’est
pas rare d’avoir à sacrifier des propriétés intéressantes au profit d’autres. Il est important
d’avoir des polymères solubles, peu coûteux, stables, possédant un faible band gap et
des niveaux électroniques judicieusement alignés.
La solubilité est généralement assurée par l’augmentation de l’entropie du polymère
créée par l’ajout de groupements fonctionnels et de longues chaines de carbone. Néan-
moins, ces chaines ont des effets importants et particulièrement difficiles à prédire sur la
morphologie et la miscibilité des composantes. La morphologie du dispositif organique
influence grandement les rendements des cellules solaires, mais elle peut difficilement
être contrôlée et joue, pour le moment, un rôle mineur sur le design de nouveaux po-
lymères. La morphologie est souvent considérée lors de la synthèse du polymère, et
sort donc du contexte de cette thèse qui est plutôt centrée sur l’aspect théorique sur une
échelle atomique et électronique.
La stabilité des polymères est étudiée au Chapitre 2 dans le cadre du diketopyrrolo-
pyrrole. En effet, les polymères aux propriétés électroniques intéressantes sont parfois
malheureusement instables. La technique de sulfuration présentée dans ce chapitre a
pour effet de diminuer le band gap au coût de la stabilité du polymère. Il est donc im-
portant d’identifier les causes de cette instabilité afin de pouvoir l’éviter lors du design
de nouveaux polymères. Un lien est établi entre la stabilité des composantes et la pro-
fondeur du puits de potentiel autour des positions d’équilibre calculées des composés de
diketopyrrolopyrrole et de thienopyrroledione. Ce lien permet d’augmenter la stabilité
des polymères en substituant les thiophènes par des furanes, ce qui redonnant une forme
plane au polymère et assurait un profond puits de potentiel.
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Il serait judicieux d’explorer la présence de ce lien pour d’autres composés orga-
niques instables. Considérant que le polythiophène n’est pas plan et possède donc un
faible puits de potentiel, le lien établi dans ce chapitre ne peut être généralisé. Il faut
considérer les niveaux électroniques, qui influencent les procédés d’oxydation, et la dis-
position de la charge dans les liens interatomiques, qui témoignent de leur stabilité et ont
un effet sur la dégradation. Puisqu’aucun composé contenant du soufre n’était stable à
la lumière dans cette étude, le problème reste encore incomplet et les causes dépassent
la simple planarité.
La technique de sulfuration est cependant très utile puisque son effet de diminution
du band gap s’est avéré systématique sur tous les composants. Il serait donc très intéres-
sant de l’appliquer sur d’autres molécules organiques contenant des groupements carbo-
nyles. Les calculs théoriques sont très efficaces pour prédire le band gap des composés,
et il serait donc possible de facilement explorer l’espace moléculaire.
Une autre limitation importante de la photovoltaïque organique est la perte énergé-
tique située entre l’absorption de la lumière et la collecte des porteurs de charges aux
électrodes. L’origine de cette perte énergétique est encore mal comprise, et il est donc
nécessaire d’étudier la dynamique électronique des porteurs de charge des dispositifs
photovoltaïques organiques. Le technique de femtosecond stimulated Raman spectro-
scopy, décrite au Chapitre 3 permet de voir l’évolution des vibrations moléculaires sur
une échelle de temps de la femtoseconde. La difficulté de la caractérisation de cette dy-
namique consiste à établir le lien entre les spectres de vibrations et les états électroniques
d’excitons, de polarons et de séparation de charges. Cette caractérisation est grandement
simplifiée par les calculs théoriques de vibration de l’état fondamental et des états excités
qui peuvent être comparés aux spectres expérimentaux. De plus, le fait que la séparation
de charge se produise avant 300 fs est un nouveau résultat controversé. Il est donc im-
portant d’avoir des calculs théoriques qui corroborent les résultats de l’étude. Il serait
judicieux de pouvoir accomplir cette technique de sonde sur d’autres polymères, spécia-
lement sur des polymères des dispositifs à faible efficacité afin de pouvoir tester si le
délai de séparation de charge est plus long dans ceux-ci. Cela signifierait que le court
délai de 300 fs est responsable de la haute efficacité et qu’il serait ainsi nécessaire de
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comprendre ses causes afin de les reproduire.
Bien que les calculs théoriques permettent une amélioration de la caractérisation des
polymères existants, il faut également définir leur place dans le design des polymères
avant l’étape de synthèse. L’utilité des calculs théoriques est autant dans la rapidité par
rapport au temps nécessaire afin d’effectuer l’expérience que dans la possibilité de son-
der des propriétés électroniques inaccessibles aux équipements de laboratoire actuels. La
possibilité de prédire l’efficacité des cellules solaires à partir de calculs théoriques utili-
sés avec le modèle de Scharber est ainsi étudiée dans le Chapitre 4. Cette étude a permis
d’établir que la précision des calculs sur les valeurs des band gaps ainsi que du voltage
du dispositif sont de l’ordre du dixième d’électronvolt. Cette précision n’est cependant
pas partagée pour le potentiel d’ionisation et l’affinité électronique. Ces deux propriétés
ont une influence directe sur la stabilité à l’air et au transfert de charge à l’hétérojonction.
Il est donc crucial d’augmenter la précision sur ces valeurs pour s’assurer de la viabilité
du dispositif. La caractérisation de la fonctionnelle B3LYP dans ce chapitre devrait donc
être répétée pour différentes fonctionnelles, ou pour des méthodes de calculs réputées
pour avoir une meilleure précision sur les niveaux électroniques, comme la GW.
Il est également important de faire le suivi des polymères proposés aux Chapitres 4
et 5. Les rares polymères qui ont été synthétisés suite à cette étude semblent respecter les
prédictions théoriques. La synthèse de ces candidats est très importante pour confirmer
le pouvoir prédictif de ces méthodes, mais également pour s’assurer de l’applicabilité
des outils théoriques développés au cours de cette thèse.
Les calculs DFT sont également utiles pour établir des liens entre les propriétés et
ainsi les utiliser à notre avantage dans le design de polymères efficaces en électronique
organique. Un défi principal de ce domaine est la quête vers des polymères à petits band
gaps, pouvant ainsi fonctionner dans l’infrarouge, à plus basse énergie ou pouvant être
de bons candidats pour des transistors. Les polymères à petits band gaps sont également
utiles dans l’ajustement des valeurs des band gaps dans le design de polymères photo-
voltaïques nécessitant un band gap précis situé entre 1,1 et 1,4 eV. L’étude du Chapitre 5
établit un lien entre le band gap d’un polymère et la forme structurale, aromatique ou
quinoide, adoptée par les atomes de carbone composant sa chaîne principale. La forme
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structurale est presque impossible à sonder expérimentalement et les calculs théoriques
sont nécessaires pour comprendre les liens qui l’unissent aux propriétés électroniques.
Ce lien est exploité pour établir un modèle de prédiction des band gaps de copolymères
surpassant l’approche standard de donneur-accepteur utilisée dans la littérature. Cepen-
dant, l’approche aromatique-quinoide a été développée dans un esprit de simplicité et
d’accessibilité, et il reste encore à développer son efficacité. Par exemple, il faudrait
l’appliquer aux copolymères regroupant trois ou plus monomères dans sa cellule pri-
mitive pour voir si l’approche s’applique toujours dans cette situation. De plus, le fait
de considérer les atomes qui ne sont pas du carbone pourrait grandement l’améliorer. Il
serait également possible de s’intéresser à la prédiction des niveaux électroniques plutôt
que le band gap dans le but d’avoir une description plus complète du polymère. De plus,
même si l’approche aromatique-quinoide s’applique de façon systématique à tous les po-
lymères étudiés, peu importe leurs composantes de base, elle est incomplète puisqu’elle
ne s’applique aux polymères de type ladder où les liens intermonomères n’existent pas.
Finalement, les travaux de cette thèse montrent l’utilité des calculs théoriques de
DFT dans le cadre de la photovoltaïque organique. Les méthodes plus avancées telles la
GW ou les fonctionnelles plus complexes que la B3LYP ne font pas l’objet de ce travail
puisqu’il est principalement centré sur les collaborations concrètes avec les groupes de
recherches expérimentaux, spécialement avec les chimistes de synthèse. La complexité
de ces dispositifs nécessite la pluridisciplinarité entre physiciens et chimistes, entre théo-
riciens et expérimentateurs. Il est donc important d’utiliser et de caractériser les mé-
thodes de calculs établies, simples, connues et rapides, consistant le compromis adéquat.
Le design des polymères se base d’abord sur l’exploration de l’espace moléculaire, et
cette exploration doit se faire rapidement sur un grand nombre de molécules, tout en uti-
lisant les liens établis pour guider notre recherche. Le développement des méthodes de
calculs pourra également s’avérer crucial pour comprendre les propriétés électroniques
des interfaces des dispositifs organiques, qui échappent encore à la compréhension des
scientifiques. Les exemples cités précédemment constituent un excellent point d’explo-
ration pour de nombreuses futures collaborations.
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ANNEXE I
SUPPLEMENTARY INFORMATION FOR DIRECT OBSERVATION OF
ULTRAFAST LONG-RANGE CHARGE SEPARATION AT
POLYMER:FULLERENE HETEROJUNCTIONS
I.1 Ultrafast polaron signature
We see in the blend FSRS spectra at room temperature that the 1350 cm−1 band,
characteristic of positive polaron, appears as early as 100 fs.
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Ultrafast polaron signature
We see in the blend FSRS spectra at room temperature that the 1350 cm-1 band, 
characteristic of positive polaron, appears as early as 100 fs.
Figure S1 : Transient stimulated resonance Raman spectra of PCDTBT:PCBM film at 
early times.
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Figure I.1 – Transient stimulated resonance Raman spectra of PCDTBT: PCBM film at
early times.
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I.2 Calculated spectra
Calculated spectra
Figure S2 : Calculated spectra for neat PCDTBT dimers in the ground state (blue) and 
either the cation (red, top) or the exciton (red, bottom).
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Figure I.2 – Calculated spectra for neat PCDTBT dimers in the ground state (blue) and
either the cation (red, top) or the exciton (red, bottom).
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I.3 Spontaneous Raman spectraSpontaneous Raman spectra
Figure S3 : Steady-state spontaneous Raman spectra of doped PCDTBT (top) and 
neat PCDTBT and PCDTBT:PCBM (bottom) films under resonant conditions, compared 
to non-resonant Raman spectrum (gray area).
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Figure I.3 – Steady-state spontaneous Raman spectra of doped PCDTBT (top) and neat
PCDTBT and PCDTBT:PCBM (bottom) films under resonant conditions, to
non-resonant Raman spectrum (gray area).
I.4 Normalised FSRS spectra
After 50 ps, we observe a decay of the 1261 and 1364 cm−1 bands which further
emulate the relative intensities in the cationic spectrum.
xxiv
Normalised FSRS spectra
Figure S4 : FSRS spectra of PCDTBT:PCBM film, normalised at 1440 cm-1 to show 
relative peak intensities evolution compared to steady-state spontaneous resonance 
Raman of doped PCDTBT (violet line). The spectral region between 1100 and 
1230 cm-1 suffers from difficult background subtraction, which makes the evolution of 
the 1200 cm-1 band dynamics difficult to follow.
After 50 ps, we observe a decay of the 1261 and 1364 cm-1 bands which further 
emulate the relative intensities in the cationic spectrum.
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Figure I.4 – FSRS spectra of PCDTBT:PCBM film, normalised at 1440 cm−1 to show re-
lative pe k int nsiti s evoluti n compared to steady-st t taneous reso ance Raman
of doped PCDTBT (violet line). The spectral region between 1100 and 1230 cm−1 suf-
fers from difficult background subtraction, which makes the evolution of the 1200 cm−1
band dynamics difficult to follow.
I.5 Characterisation of polymer thin films microstructure
In order to characterise the microstructure and molecular arrangement in this ma-
terial system, X-ray diffraction experiments were performed. The corresponding pow-
der diffractograms of drop-cast neat PCDTBT, neat PCBM and its blend film (1 part
polymer : 4 parts fullerene by weight) are illustrated in Figure I.5. In agreement with
the results of previous reports, the neat PCDTBT sample shows broad diffractions at
angles with maximum intensities around 4◦ and 22◦, suggesting crystallographic low
conformational order.[31, 167] After blending the PCDTBT with the fullerene deriva-
tive, the broad diffraction at 4◦, related to the neat polymer, can not be distinguished in
the blend system with 80 wt% PCBM anymore. The presence of the fullerene deriva-
tive in excess obviously leads to further crystallographic disorder of the polymer chains.
Crystalline domains of PCBM remain however within the blend when drop cast from
DCB at 100 ◦C. Main diffractions of these PCBM domains were recorded at angles
around 10, 17, 19◦ and reveal the molecular packing in complex crystallographic unit
cells[183, 222] comparable to the diffractions of our neat PCBM sample.
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Characterisation of polymer thin films microstructure
In order to characterise the microstructure and molecular arrangement in this material 
system, X-ray diffraction experiments were performed. The corresponding powder 
diffractograms of drop-cast neat PCDTBT, neat PCBM and its blend film (1 part 
polymer : 4 parts fullerene by weight) are illustrated in figure S5. In agreement with the 
results of previous reports, the neat PCDTBT sample shows broad diffractions at angles 
with maximum intensities around 4° and 22°, suggesting crystallographic low 
conformational order.1,2
Figure S5 : X-ray diffractograms of drop casted neat PCDTBT, neat PCBM and its 
blend (1 part polymer : 4 parts fullerene)
After blending the PCDTBT with the fullerene derivative, the broad diffraction at 4°, 
related to the neat polymer, can not be distinguished in the blend system with 80 wt% 
PCBM anymore. The presence of the fullerene derivative in excess obviously leads to 
further crystallographic disorder of the polymer chains. Crystalline domains of PCBM 
remain however within the blend when drop cast from DCB at 100°C. Main diffractions 
of these PCBM domains were recorded at angles around 10, 17, 19° and reveal the 
molecular packing in complex crystallographic unit cells3,4  comparable to the 
diffractions of our neat PCBM sample.
In
te
ns
ity
 / 
ar
b.
 u
nit
30252015105
2Θ / °
PCDTBT
PCDTBT:PCBM
             1 : 4
PCBM
Supplementary Information for Direct observation of ultrafast long-range charge separation ...! 5/16
Figure I.5 – X-ray diffractograms of drop casted neat PCDTBT, neat PCBM and its blend
(1 part polymer : 4 parts fullerene)
In o der t g in further structural information of the neat polymer, the neat fullerene
derivative and the blend system, we concentrate our efforts on combining optical and
thermal characterisation techniques. Optical microscopic images of the films were taken
at selected temperatures and compared to thermal transitions recorded from differential
scanning calorimetry (DSC) experiments (see Figure I.6).
Following our film formation protocol smooth films are formed of the neat mate-
rials and the blend. During heating from 25 up to 300 ◦C the featureless films of the
neat PCDTBT and the PCBM remain essentially unchanged. However, the transition of
colour between 25 and 300 ◦C from dark purple to pink in the neat PCDTBT system
indicate less conformational order and aggregation in the isotropic melt compared to the
solid state of the polymer. For the blend, homogeneous and featureless films are formed
which appear unchanged using our optical microscopic technique until a temperature
xxvi
In order to gain further structural information of the neat polymer, the neat fullerene 
derivative and the blend system, we concentrate our efforts on combining optical and 
thermal characterisation techniques. Optical microscopic images of the films were taken 
at selected temperatures and compared to thermal transitions recorded from differential 
scanning calorimetry (DSC) experiments (see figure S6). 
Figure S6 : (a) Optical micrographs of PCDTBT, PCBM and its blend films at selected 
temperatures and (b) corresponding differential scanning calorimetric thermograms.
Following our film formation protocol smooth films are formed of the neat materials and 
the blend. During heating from 25 up to 300 °C the featureless films of the neat 
PCDTBT and the PCBM remain essentially unchanged. However, the transition of 
colour between 25 and 300 °C from dark purple to pink in the neat PCDTBT system 
indicate less conformational order and aggregation in the isotropic melt compared to the 
solid state of the polymer. For the blend, homogeneous and featureless films are formed 
which appear unchanged using our optical microscopic technique until a temperature of 
approximately 200 °C is reached. At this temperature the formation of needle like PCBM 
crystallites could be observed which has been also reported for diverse 
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Figure I.6 – (a) Optical micrographs of PCDTBT, PCBM and its blend films at selected
temperatures and (b) corresponding differential scanning calorimetric thermograms.
of approximately 200 ◦C is reached. At this temperature the formation of needl like
PCBM rystallites ould be observed which has been also r ported for dive se poly-
mer:fullerene systems during thermal treatment.[56, 227, 229] During further heating
these PCBM features become clearly distinguishable in our experiment at a tempera-
ture of 250 ◦C. If the temperature is further increased to 300 ◦C both materials reach
their liquid state. Investigations revealing kinetic information about the nucleation and
growth rate of PCBM crystallites would give further insight into the mixing/demixing
characteristics of this system but this is beyond the scope of this work.
The thermograms of the neat PCDTBT and neat PCBM films, drop-cast from solu-
tions in DCB at 100 ◦C shown here, are in accordance with reported thermal induced
conformational changes found for these systems.[31] Films of neat PCDTBT indicate
an onset of thermal induced chain movements in disordered fraction above approxi-
xxvii
mately 100 ◦C, which is supported by the reported glass transition temperature (Tg) of
130 ◦C.[31] Around 298 ◦C a weakly pronounced endotherm indicates the melting of
more ordered regions of the polymer chains. The thermogram of neat PCBM films shows
a pronounced melting peak of crystalline domains with an end of melting at approxima-
tely 285 ◦C. Please note that the main melting endotherm shows additional melting fea-
tures at the on and off set of the main peak which we relate to different conformational
arrangements of the fullerene derivative formed under our solidification/crystallisation
conditions.
The elucidation of the complex morphology in polymer:fullerene systems has been
subject of intense investigations. Pure polymer (amorphous and crystalline domains),
pure fullerene (amorphous and crystalline domains) and intermixed phases (amorphous
domains) have been reported, e. g. in systems containing poly 3-hexylthiophene (P3HT)
and multiple C60 fullerene derivatives.[56, 227, 229] Our efforts in this study concen-
trate on the formation of possible pure amorphous, pure crystalline and intermixed do-
mains of the fullerene component in the disordered polymer regions. In addition to the
results of the X-ray diffraction experiments, a defined melting transition of PCDTBT
can not be distinguished from the thermogram of the blend system, which also indi-
cates a less ordered polymer arrangement if blended with PCBM. Please note, that in
this experiment no exothermic transition due to crystallisation of the fullerene could be
recorded.
Furthermore, our DSC data reveal that the fullerene derivative can mix with the se-
lected polymer system. This idea is supported by the observed melting point depression
of approximately 6 ◦C from 285 down to 279 ◦C for the residual crystalline fullerene
component in the blend system. Additionally, the difference of the enthalpy of fusion
(∆H f ) of the fullerene derivative is reduced from approximately 21 down to around
12 J/g which one would expect in a partly miscible system. Please note that a weak
endothermic transition at around 138 ◦C was recorded which could be related to the
glass transition temperature of this blend system. Further investigations are ongoing to
clarify this point but this out of the scope of this manuscript.
xxviii
I.6 Baseline subtraction exampleBaseline subtraction example
Figure S7 : Example of polynomial baseline subtraction on smoothed FSRS spectrum.
0 100 200 300 400 500 600−12
−10
−8
−6
−4
−2
0
2
4
6
8 x 10
−4
Pixel
Ra
m
an
 g
ain
Exemple of background substraction
 
 
SRS
Polynomial baseline
Supplementary Information for Direct observation of ultrafast long-range charge separation ...! 8/16
Figure I.7 – Example of polynomial baseline subtraction on smoothed FSRS spectrum.
xxix
I.7 FSRS spectra of PCDTBT and PCDTBT:PCBM at all recorded timesFSRS spectra of PCDTBT and PCDTBT:PCBM at all recorded times
Figure S8 Transient Raman spectra of PCDTBT film from 0.55 ps to 100 ps, divided in 
3 panels to better illustrate the spectral evolution.
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Figure I.8 – Transient Raman spectra of TBT film from 0.55 ps to 100 ps, divided
in three panels to better illustrate the spectral evolution.
xxx
Figure S9 : Transient Raman spectra of PCDTBT:PCBM film from 0.57 ps to 100 ps, 
divided in 3 panels to better illustrate the spectral evolution.
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Figure I.9 – Transient Raman spectra of PCDTBT:PCBM film from 0.57 ps to 100 ps,
divided in three panels to better illustrate the spectral evolution.
xxxi
I.8 Molecular orbitals of the PCDTBT cation
The molecular orbitals of the cation differ from the neutral PCDTBT. In first approxi-
mation, since an electron is missing in the HOMO of the (formally neutral) polymer, the
latter becomes the LUMO of the cationic PCDTBT. Similarly, the HOMO-1 of neat
PCDTBT becomes the HOMO of cationic PCDTBT.
However, the cation breaks the spin symmetry of neutral PCDTBT because of the
missing electron, which affects the HOMO of the cation. It is a mix of the HOMO and
HOMO-1 of the neutral PCDTBT, and the HOMO of the cation sits 130 meV above the
HOMO of neat PCDTBT.
Molecular orbitals of the PCDTBT cation
The molecular orbitals of the cation differ from the neutral PCDTBT. In first 
approximation, since an electron is missing in the HOMO of the (formally neutral) 
polymer, the latter becomes the LUMO of the cationic PCDTBT. Similarly, the HOMO-1 
of neat PCDTBT becomes the HOMO of cationic PCDTBT. 
However, the cation breaks the spin symmetry of neutral PCDTBT because of the 
missing electron, which affects the HOMO of the cation. It is a mix of the HOMO and 
HOMO-1 of the neutral PCDTBT, and the HOMO of the cation sits 130 meV above the 
HOMO of neat PCDTBT.
 
Figure S10 : Molecular orbitals of the PCDTBT cation, from top to bottom.
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Figure I.10 – Molecular orbitals of the PCDTBT cation, from top to bottom.
xxxii
I.9 Important Raman modes
In the blend film, the fast disappearing peak around 1513 cm−1 is a carbazole mode
coupled to thiophenes. This mode is present in the resonance Raman of doped PCDTBT
and have a calculated frequency of 1540 cm−1:
Important Raman modes
In the blend film, the fast disappearing peak around 1513 cm-1 is a carbazole mode 
coupled to thiophenes. This mode is present in the resonance Raman of doped 
PCDTBT and have a calculated frequency of 1540 cm-1 :
The same carbazole mode exists in the neat PCDTBT, but since the electronic density 
is different, it couples to the thiophenes to a lesser extent, resulting in almost no Raman 
activity / intensity. This mode has a calculated frequency of 1543 cm-1 :
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Figure I.11 – Ca i nic PCDTBT calcu ated vibrational mode at 1540 cm−1.
The same carbazole mode exists in the neat PCDTBT, but since the electronic density
is different, it couples to the thiophenes to a lesser extent, resulting in almost no Raman
activity/intensity. This mode has a calculated frequency of 1543 cm−1:
Important Raman modes
In the blend film, the fast disappearing peak around 1513 cm-1 is a carbazole mode 
coupled to thiophenes. This mode is present in the resonance Raman of doped 
PCDTBT and have a calculated frequency of 1540 cm-1 :
The same carbazole mode exists in the neat PCDTBT, but since the electronic density 
is different, it couples to the thiophenes to a lesser extent, resulting in almost no Raman 
activity / intensity. This mode has a calculated frequency of 1543 cm-1 :
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Figure I.12 – Neutral PCDTBT calculated vibrational mode at 1543 cm−1
xxxiii
Figure S11 : Neutral PCDTBT calculated vibrational modes
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Figure I.13 – Neutral PCDTBT calculated vibrational modes.
xxxiv
Figure S12 : Cationic PCDTBT calculated vibrational modes
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Figure I.14 – Cationic PCDTBT calculated vibrational modes.
xxxv
Figure S13 : Neutral PCDTBT frontier orbitals. Note the shift of the electron density 
from the carbazole to the benzothiodiazole moiety, lengthening thus the carbazole C-C 
bonds. 
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Figure I.15 – Neutral PCDTBT frontier orbitals. Note the shift of the electron density
from the carbazole t the b nzothiodiazo oiety, lengthening thus the carbazole C-C
bonds.
Figure S14 : Change in frequency of the main FSRS band of PCDTBT (centred at 
1425 cm-1)in dilute solutions in chloroform and in dichlorobenzene as a function of time.
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Figure I.16 – Change in freque cy of the main FSRS band of PCDTBT (centered at
1425 cm−1) in dilute solutions in chloroform and in dichlorobenzene as a function of
time.
